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Ocean Monarchs 


It is hard to grasp that the unseen microorganisms of the oceans are the most productive on the 
planet, at orders of magnitude greater than sharks and whales or even terrestrial forests. The 
plankton is thus a major contributor to the geochemical cycles that are currently under pres- 
sure from climate change. Stocker (p. 628) reviews the state of knowledge of the web of myriad 
ephemeral microenvironments within the ocean's bulk and how microorganisms respond to the 
ever-shifting chemical spectrum. To this end, Taylor and Stocker (p. 675) report experiments 
on the effects of turbulence on nutrient uptake by chemotactic marine bacteria. They propose 
that turbulence favors motile bacteria that adopt an optimal foraging strategy, which trades off 
the relative high cost of motility to gain the benefits of plumes of nutrients by zipping between 
them at optimized speeds. Scaled up, such apparently “micro” behavior will influence the rate 
of remineralization of dissolved organic matter and in turn will feed into global patterns of 
geochemical cycling. 


These opposite-polarity motors move cargos 
bidirectionally so that they reach their cellular 


Entangle 


Entanglement is a key feature in quantum 
information science and plays an important role 
in various applications of quantum mechanics. 
Fickler et al. (p. 640) present a method for 
converting the polarization state of photons 
into information encoded into spatial modes of 
a single photon. From this, superposition states 
and entangled photons with very high orbital 
angular momentum quantum numbers were 
generated. 


Push Me, Release, Pull You 


In eukaryotic cells, nearly all long-distance 
transport of cargos is carried out by the 
microtubule-based motors kinesin and dynein. 


destinations with spatial and temporal specific- 
ity. To understand transport by motor en- 
sembles, Derr et al. (p. 662, published online 
11 October; see the Persective by Diehl) 
used a DNA scaffold for building an 
artificial cargo that could be programmed 
to bind different numbers and types of 
molecular motors with defined geometry. 
A cargo with multiple copies of the same 
motor was transported with minimal 
interference, suggesting that similar- 
polarity motors can coordinate without 
the need for additional cellular factors. 
However, ensembles of opposite-polarity 
motors frequently engaged in a sort of 
“tug of war,” which could only be resolved 


by releasing one motor from the microtubule 
track. Thus, within the cell, it is likely that regu- 
lation is required for bidirectional transport. 


Dating the First Solids 
The solar system’s first solids: calcium-aluminum— 
rich inclusions and chondrules are found in 
meteorites and provide a direct record of the 
dynamics of the solar protoplanetary disk that 
led to the formation of the solar system. Previ- 
ous results indicate that chondrules formed 1 
to 2 million years after the inclusions—an age 
difference that has been used in construct- 
ing models of chondrule formation. Based on 
uranium- and lead-isotope measurements 

of a collection of these primitive materials, 
Connelly et al. (p. 651) show that chondrules 
in fact started to form at the same time as the 
inclusions, 4.567 billion years ago, and that 
their formation took about 3 million years. 


Polll Goes Loopy 


To execute their function, genes must be 
transcribed into RNA, often by RNA polymerase 
Il (Polll), which binds at the 5’ end of genes 
and therefore transcribes through the coding 
region to make messenger RNA. But, presented 
with nucleosome-depleted chromatin, Polll will, 
wastefully, initiate transcription nonspecifically 
and bidirectionally away from the gene. Not- 
ing that actively transcribed genes often form 
loops, such that their 5’ and 3’ ends are juxta- 
posed. Tan-Wong et al. (p. 671, published 
online 27 September; see the Perspective by 
Hampsey) showed that Polll’s propensity for 
promiscuous bidirectional transcription is 
reined in by gene loop formation. 


Delaying ¢ um Choice 


Photons can display wavelike or particle-like 
behavior, depending on the experimental 
technique used to measure them. Understand- 
ing this duality lies at the heart of quantum 
mechanics. In two reports, Peruzzo et al. 

(p. 634) and Kaiser 

et al. (p. 637; see 

the Perspective on 
both papers by Lloyd) 
perform an entangled 
version of John Wheel- 
er's delayed-choice 
gedanken experiment, 
in which the choice 

of detection can be 
changed after a photon 
passes through a 
double-slit to avoid the 


Qua 
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measurement process affecting the state of the photon. The original proposal allowed the wave 
and particle nature of light to be interchanged after the light had entered the interferometer. By 
contrast in this study, entanglement allowed the wave and particle nature to be interchanged after 
the light was detected and revealed the quantum nature of the photon, for example, it displays 
wave- and particle-like behavior simultaneously. 


Perovskite Photovoltaics 


For many types of low-cost solar cells, including those using dye-sensitized titania, performance is 
limited by low open-circuit voltages. Lee et al. (p. 643, published online 4 October; see the Per- 
spective by Norris and Aydil) have developed a solid-state cell in which structured films of titania 
or alumina nanoparticles are solution coated with a lead-halide perovskite layer that acts as the 
absorber and n-type photoactive layer. These particles are coated with a spirobifluorene organic- 
hole conductor in a solar cell with transparent oxide and metal contacts. For the alumina particles, 
power conversion efficiencies of up to 10.9% were obtained. 


Chloroplast Rescued by Ubiquitin 


The ubiquitin proteasome system is important in the regulation of many nucleocytosolic processes. 
However, its regulatory reach was not thought to extend to the chloroplast. Using a forward-genetic 
screen in Arabidopsis, Ling et al. (p. 655; see the Perspective by Kessler) identified a ubiquitin E3 
ligase, termed SP1, embedded in the chloroplast outer envelope membrane. SP1 was found to target 
components of the chloroplast protein import machinery for degradation by the ubiquitin protea- 
some and was important for changes in chloroplast biogenesis. 


Necrophilic Bandit Fungi 

The immune systems that plants use to defend against patho- 
gens normally deflect attack. However, Lorang et al. (p. 659, 
published online 18 October) have identified a rearguard 
susceptibility that a necrotrophic fungus exploits. The fungal 
toxin victorin interacts with the defense protein LOV1 in 
Arabidopsis and activates it, but the result, counterintuitively, 
is that the plant succumbs to the disease rather than fighting 
it off. What seems to be happening is that victorin targets a 
thioredoxin that regulates the systemic acquired resistance 
pathway. That interaction triggers activity of LOV1, which in 


turn incites cell death. The invading fungus then benefits 
from the ready access to dead cells. 


Epigenetic Inheritance 


A long-standing question is whether and how stem cells maintain their epigenetic information. 
Knowing that many types of stem cells undergo asymmetric cell divisions, Tran et al. (p. 679) 
probed the asymmetric division of Drosophila male germline stem cells and found that preexisting 
histones were selectively segregated to the stem cell, whereas new histones were enriched in the 
daughter cell that underwent differentiation. By contrast, asymmetric histone distribution was not 
seen in progenitor cells. This study suggests that stem cells retain preexisting canonical histones 
during asymmetric cell divisions in vivo. 


Poor Choices 


Two categories of reasons for why poor people make economically unsound choices, such as obtaining 
a payday loan at an extraordinarily high rate of interest, reflect, first, the environment: Poor people 

are more likely to be living in poor neighborhoods with higher rates of crime and lower rates of social 
services. Second, they reflect the individual: People are poor in part because of their own psychological 
dispositions toward impatience and impulsiveness. For both cases, obtaining causal evidence in con- 
trolled experiments has been challenging. Shah et al. (p. 682; see the Perpective by Zwane) propose a 
third category of reasons whereby being poor exerts a bias on cognitive processes and provide evidence 
for it in laboratory experiments performed in scenarios of scarcity. 
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The Scientist as World Citizen 


IN EARLY 2011, LISTENING ON U.S. PUBLIC RADIO TO REPORTS FROM TAHRIR SQUARE, | LOOKED 
forward particularly to those from Mona Seif, a young citizen journalist from Cairo. Her 
reports were rich in detail, and even when difficult to hear over gunfire, they were clear and 
informative to a listener on the other side of the world. 

Ina profile a few months later, Seif was asked about her work when not in Tahrir Square. 
She was a graduate student, she responded, working in cancer biology. “My work in particu- 
lar is on the BRCA/ gene,” she said, “which is one of the genes connected with breast cancer 
incidence, and I'm investigating the mutation pattern in Egyptian patients. . .. Both [science 
and activism] are very consuming, time and energy—and emotions. And I'm only starting 
to get the handle of doing both at the same time and juggling between my activism and my 
work.”* Hearing this interview on a quiet evening in my lab, I had three thoughts: “Fantas- 
tic!” and, “You must be getting way behind on DNA sequencing,” 
and, “At least we can help you with that.” 

Mona Seif’s story illustrates for me the essence of the scientist 
as a citizen of the world. Scientists insist on believable data both in 
work and in public life. Bright young scientists do not accept non- 
sense from those in power, and they will not be eternally patient with 
those responsible for it. The response of the scientist to nonsense is 
both conceptual and practical: to recognize it, expose it, and try to 
fix it. And because scientists are connected through worldwide net- 
works, we can stimulate each other to do the same. This power was 
demonstrated by young computer-savvy scientists in Beijing when 
they informed the world about the Tiananmen Square protests in June 
1989, and more recently by youthful bloggers of the Arab Spring 
such as Mona Seif. 

This week, the American Society of Human Genetics holds its 
annual meeting in San Francisco. As human geneticists, we are particularly privileged world 
citizens. Our field is inherently global in both content and talent. All people share the same 
biology. A gene responsible for a human trait in any family, anywhere, is part of the biol- 
ogy underlying that trait in everyone, everywhere. The discovery and characterization of 
genes responsible for serious human conditions are therefore best undertaken by studying 
the families most informative about those conditions, wherever they live. The scientists best 
qualified to work with such families, understanding cultural context, historical demography, 
and environment/gene interactions, are those from the same places as the families they are 
studying. The extraordinary success of contemporary human genetics is due both to the rev- 
olution in genomic technology and to advanced training of scientists from across the globe. 
Collaborations formed using the very best talent for each project lead to both productive 
science and an understanding of people and places outside of one’s home turf. The job of the 
citizen scientist is to put this understanding to use. 

One rarely knows in advance when opportunities will arise. Solving complex problems, 
whether scientific, social, or political, requires honest and critical appraisal of data. Truth 
ultimately matters more than consolidating power, securing funding, or furthering agendas. 
In my experience, the most important questions come from people on the front lines, and no 


question is too big to ask. ee 
— Mary-Claire King 


10.1126/science.1231607 


*www.onthemedia.org/2011/apr/15/state-run-newspapers-and-mona-seif/transcript/. 
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CELL BIOLOGY 


Spinning a E4dly Weave 


Adenovirus is a small DNA tumor virus. It expresses a number of “early” 
proteins during infection that take over the host cell for virus production 
by subverting cellular pathways. These early proteins are often quite small: 
E4-ORF3 is a mere 13 kD and yet can disrupt large protein complexes, in- 
terfere with tumor suppressors in a number of critical cellular pathways, and 
forms long cablelike structures in the host cell. Using super-resolution and 
electron microscopy, Ou et al. show that these cablelike assemblies appear to 
form a single continuous polymer with variable curvature and loops. This complex 
architecture requires nothing more than the E4 protein itself. The intricate “weave” 
of the polymer partitions the host cell nucleus into viral replication domains. The 
structure of a mutant form of the protein that forms dimers, rather than insoluble 
polymers, together with mutagenesis studies, suggest a model for polymer forma- 
tion in which dimers can reciprocally or nonreciprocally domain-swap their C-terminal 
tails with other dimers. Glycine residues form a hinge allowing the C-terminal tail to 
adopt many different conformations that produce polymer branch points. Polymerization 
is required for E4 to target cellular tumor suppressors. — GR 


PLANT SCIENCE 
Biofuel Self-Engineering 


Biofuels could be a useful substitute for fossil 
fuels, but various aspects of the production 
process need improvement to increase yield and 
reduce costs. One approach would be to express 
processing enzymes in the growing plant itself. 
However, to avoid damage to the growing plant, 
the enzymes need to be held at bay until the 
time comes to convert cell walls into soluble 
sugars. Shen et al. have tackled this challenge 
in maize, for which xylanase can be used to 
break down cell walls into fermentable carbo- 
hydrates. Expression of xylanase in the plant 
alleviates problems of enzyme production and 
access to substrates, but at the same time pro- 


duces problems in damaging plant growth, for 
example, yielding shriveled seeds. The xylanase 
was brought under control by adding an intein, 
a self-splicing peptide from the bacterium Ther- 
mus thermophilus. Use of a thermostable xyla- 
nase meant that treatment of the plant material 
containing the hybrid protein with temperatures 
in the range of 60° to 70°C resulted in removal 
of the inhibitory peptide and the generation 


Shriveled seeds expressing native 


Normal seeds expressing iXynB 


Cell 151, 304 (2012). 


of functional xylanase. With an optimized ver- 
sion of the hybrid xylanase-intein, transgenic 
plants showed normal development and normal 
seed set, and improved biomass conversion to 
glucose and xylose. — PJH 

Nat. Biotechnol. 30, 10.1038/nbt.2402 (2012). 


EVOLUTION 
Origins of Variation 


It is not clear whether the majority of selection 
on human genetic variation originates from 

de novo mutations (SDN) or from selection on 
previously neutral, or nearly neutral, standing 
genetic variation (SSV). Peter et al. examined 
theoretical models to determine parameters that 
distinguish between SDN and SSV. Identifying 
the origin of the genetic 
variant was dependent on 
the strength of selection 
and the frequency of the 
variant under selection. 
Examining genes previ- 
ously identified to be 
under selection, but not 
yet fixed within humans, 
revealed that both mod- 
els were applicable; save 
for the gene that encodes 
glucose-6-phosphate dehydrogenase, which 
appears to be under balancing selection and, 
because of the lack of a selective sweep, did not 
fit either model. Furthermore, when regions cur- 
rently not under selection were examined, it was 
not possible to discriminate between selected 
and neutral variants. These results support the 
notion that the origin of human genetic varia- 
tion that is subject to selection is complex and 
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that an understanding of both standing varia- 
tion and the de novo mutation rate is important 
to trace our evolution. — LMZ 
PLoS Genet. 8, 10.1371/ 
journal.pgen.1003011 (2012). 


VIROLOGY 
Viruses Gone Haywire 


One of the hallmarks of human immuno- 
deficiency virus (HIV) infection in people or 
pathogenic simian immunodeficiency virus (SIV) 
infection in nonhuman primates is intestinal pa- 
thology. Such enteropathy causes breakdown of 
the intestinal barrier and is thought to result in 
the leakage of microbial constituents into wider 
circulation that then drive immune activation 
and worsening of disease. Whether enteropathy 
is a direct effect of HIV or SIV infection, how- 
ever, has not been established. Handley et al. 
used next-generation sequencing, viral culture, 
and polymerase chain reaction testing to show 
that pathogenic SIV infection in two indepen- 
dent cohorts of rhesus macaques was associated 
with an expansion of the intestinal virome (gut- 
associated viral genomes). Such an expansion 
was not seen in nonpathogenically SIV-infected 
African green monkeys. The expanded virome 
included several previously undescribed viruses 
as well as adenoviruses. Adenovirus-associated 
enteritis was observed in some pathogenic 
S!V-infected animals. Furthermore, parvovirus 
viremia was associated with advanced AIDS. 
These findings suggest that an expanded range 
of viruses within the infected individual rather 
than SIV/HIV infection itself may cause SIV/HIV- 
associated enteropathy. — KLM 

Cell 151, 253 (2012). 
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Splitting Pairs 


Entanglement is a property of quantum sys- 
tems whereby correlations exist between the 
entangled particles, so that measuring the state 
of one particle instantaneously reveals that of 
the other. Such quantum-mechanical correla- 
tions are a powerful resource for applications 

in quantum information processing and secure 
communication. Although much work has 
focused on the generation and manipulation 

of entangled photons, the condensed-matter 
version in the form of superconducting Cooper 
pairs of electrons offers the potential of fabri- 
cating entangled electronic circuits. However, 
extracting and then splitting the Cooper pairs 
has been experimentally challenging, with com- 
peting processes giving rise to impractically low 
efficiencies. Schindele et al. developed a carbon 
nanotube-based device that can be used to 
extract the Cooper pairs from a superconductor 
and then split and store them on two separate 
quantum dots defined within the nanotube. The 
experiments revealed splitting efficiencies up 
to 90%, sufficient for practical applications in 
quantum electronic circuits. — ISO 


Phys. Rev. Lett. 109, 157002 (2012). 


Cavity Complexities 


High-energy irradiation of water can transiently 
liberate reactive electrons, which are impli- 
cated in pathways that chemically damage 
iomolecules. Such hydrated electrons have 
een spectroscopically detected, and decades 
of associated modeling suggested that the 
charge resides in a cavity, with surrounding 


b 
b 


water molecules displaced. Recently, however, 
a theoretical study challenged this model and 
instead supported a region of increased water 
density in the vicinity of the charge. Yet, more 
studies, performed in response, claimed reaf- 
firmation of the traditional structure. In each of 
these cases, the simulations involved parameter- 
ized pseudopotentials. Seeking to resolve the 
impasse, Uhlig et al. carried out a series of ab 
initio calculations that treated the electron as 
well as a subset of surrounding water molecules 
quantum-mechanically; a molecular mechan- 
ics approach was applied to model long-range 
effects. The result did suggest that ~40% of the 
spin density resides in a cavity, but also parti- 
tioned the remaining fraction among neighbor- 
ing water molecules and a diffuse tail between 
them. Thus, the cavity description alone appears 
to oversimplify a complex geometry. — JSY 

J. Phys. Chem. Lett. 3, 3071 (2012). 


Gauging Competitiveness 


Supported by data showing that U.S. students 
perform substantially below their international 
peers, politicians justify their education policies 
by linking them to the need to be competitive 
in a global economy. How does this type of 
policy motivation influence voters’ attitudes 
toward supporting public schooling? Using a 
survey designed to randomize exposure to in- 
ternational competitiveness across respondents, 
Morgan and Poppe tested 1000 U.S. adults for 
differential responses to the perceived qual- 
ity of local public schools and the preferred 
expenditures for the nation’s education system. 
A randomly selected treatment group was asked 
two questions on international competitiveness 
before taking the survey. This 
group reported lower assess- 
ments of their local schooling, 
coupled with decreased support 
for increasing the national bud- 
get for education, suggesting 
that although the public may 
be concerned about the quality 
of their schools, these concerns 
do not translate into support for 
additional education spending. 
Framing education policy as 
essential to the United States 
being competitive in the global 
economy may thus be counter- 
productive if politicians are also 
looking to increase education 
spending. — MM 

Educ. Researcher 

41, 262 (2012). 
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Tucson, Arizona 1 


Smooth Mirror for 
Giant Telescope 


Twenty tons of glass—that’s what went 
into casting the first of seven mirrors that 
comprise the light-collecting area of the 
25-meter Giant Magellan Telescope (GMT). 
The 8.4-meter-diameter, single-piece mirror 
was finished last week. The GMT will peer 
at the heavens from a remote Chilean moun- 
taintop when it is ready for operations by the 
end of this decade. 

The mirror was cast using a technique 
pioneered by University of Arizona astron- 
omer Roger Angel. It has been polished to 
such a high degree of precision that any 
surface aberrations lie within a margin one- 
twentieth the wavelength of light. Six other 
such mirrors will be fashioned over the next 
few years. Assembled into a floral design, 
they will collect enough light to produce 
images of unprecedented sharpness, help- 
ing researchers answer fundamental ques- 
tions in astrophysics, 
planetary science, and 
cosmology. 

Completion of this 
first mirror should bol- 
ster ongoing efforts to 


raise funds for the $1 billion project, which 
has so far received commitments of about 
$300 million from its various partners. 


Canberra 2 


Relief, Pain in Australia’s 
Science Budget 

The limbo is over for Australian researchers 
as grants are flowing once again. Over the 
past several tense weeks, the federal govern- 
ment froze all science grants while seeking to 
balance the nation’s budget. But the midyear 
budget released on 22 October had welcome 
relief: AUS $1.686 billion for the Australian 
Research Council, the National Health and 
Medical Research Council, and the Coopera- 
tive Research Centres. 

But the government is also reneging on 
a pledge to increase allotments for indirect 
costs, trimming AUS $499 million from the 
original Sustainable Research Excellence 
grants budget of the Department of Innova- 
tion, Industry, Science and Research. The 
move will effectively cap overhead funding 
rates at 30% over the next 4 years, instead of 
raising those rates from 20% to 50% by 2014 
as originally promised. 

University officials say they were count- 
ing on that money. “We can expect to strug- 
gle to provide our researchers with the level 
of support they require, and we will start 
losing them,” says James McCluskey, deputy 
vice-chancellor of research at the University 
of Melbourne. http://scim.ag/AusBudget 


United Kingdom 3 
Britain Fights Ash Dieback 


The U.K. government banned the import of 
ash trees Monday in the face of a spread- 
ing fungal disease threatening Britain’s 
iconic ash woodlands. The fungus Chalara 
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fraxinea causes ash dieback disease, which 


has devastated ash trees in Denmark and 

is spreading through central Europe. The 
fungus was detected in a Buckinghamshire 
nursery shipment from the Netherlands in 
February. In the following months, cases 
were identified in several other locations 
that had received recent tree imports. In late 
October, the U.K. Food and Environment 
Research Agency confirmed the disease 

in 10 woodland sites in East Anglia that 
had no known connection to nursery stock. 
The U.K. Forestry Commission calls the 
fungus “potentially a very serious threat” 
to Britain’s ash trees, which make up about 
5% of the country’s woodlands. C. fraxinea 
was first identified in Poland in 1992, but 
researchers aren’t sure where it originated. 


Brussels 4 


European Researchers 
Protest Looming Cuts 


A petition asking European heads of state 
to spare research funding when they wield 
their budget axes was closing in on 100,000 
signatures as Science went to press this 
week. The petition was sparked by an open 
letter, published in leading European news- 
papers, from 42 Nobel laureates and five 
Field medalists arguing that in the face of 
tightening budgets across Europe, research 
funding should not be cut. 

European heads of state will meet on 
22 and 23 November to decide on the E.U. 


NOTED 


>ScienceDebate, a coalition of science 
groups (including AAAS, the publisher 
of Science), received answers from nine 
lawmakers on science and science pol- 
icy questions that it sent to 33 Republi- 
can and Democratic leaders of congres- 
sional committees that shape U.S. science 
policy. Answers touched on energy, cli- 
mate change policy, the role of scientific 
research in fueling technological innova- 
tion and economic growth, and the impor- 
tance of funding research even in tough 
fiscal times. http://scim.ag/SciDebAnsw 
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budget from 2014 until 2020, and the conti- 
nent’s economic crisis has triggered calls to 
freeze the overall budget at current levels. 
That would seriously jeopardize plans to 
spend €80 billion on Horizon 2020, an E.U. 
research program that will be part of the 
new budget. Cuts to Horizon 2020 would 
“risk losing a generation of talented scien- 
tists just when Europe needs them most,” 
the letter states. 

The petition, coordinated by the Initiative 
for Science in Europe and the Young Acad- 
emy of Europe, collected 40,000 signatures 
on its first day on 23 October; by 29 October, 
it had close to 90,000 signatures from more 
than 50 countries around the world. 


Foreign Talent Hires for DOD? 


In order to keep a high-quality technical 
workforce, the U.S. Department of Defense 
% (DOD) should consider revising security 
rules that now exclude hiring foreign-born 
scientists and engineers—and think about 
starting “unconventional” research projects 
that might attract the best and the brightest, 
according to a new study on the Pentagon’s 
future workforce needs. The good news is 
that DOD is not facing an immediate crisis 
in finding technical employees to replace an 
aging workforce, says C. Daniel Mote Jr., 

z the former University of Maryland, College 
g Park, president who co-chaired the study 

5 for the U.S. National Academies’ National 
Research Council and the National Acad- 
emy of Engineering. “But it’s clear that DOD 
needs to be more assertive and prepared to 
compete” with industry, academia, and other 
nations for the best workers, he says. Jump- 
starting exciting, innovative projects may 

be one way to attract recruits. Another is for 
DOD to “reexamine” the need for the strict- 
est security clearances for some positions. 
But implementing such changes could be 

z difficult, because it would require rewriting a 
= host of laws and policies. 
http://scim.ag/DODrep 
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NEWSMAKERS 
X-ray Scientist Leads SLAC 


Chi-Chang Kao, an x-ray physicist at SLAC 
5 National Accelerator Laboratory in Menlo 
8 Park, California, is the new director of the 
lab, which is managed by Stanford Uni- 
versity and owned by the Department of 
Energy (DOE). 

SLAC was once a dedicated particle 
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Beauty in the Blood-Brain Barrier 


More than just a pretty picture, this image may be the first of the blood-brain barrier 
in a live animal. It took top honors last week in the 2012 Nikon Small World Photo- 
micrography Competition. Microscopy specialist Jennifer Peters and chemical biolo- 
gist Michael Taylor from St. Jude Children’s Research Hospital in Memphis, Tennessee, 
compiled the picture from 41 images taken with a confocal microscope of a zebrafish 
embryo 6 days after fertilization. They wanted to study the barrier’s development and, 
eventually, generate ways to screen for drugs that modify the structure. To observe the 
barrier in real time, the researchers gave the zebrafish a gene for a protein that glows 
red in the barrier’s endothelial cells. Later, they color-coded the blood vessels in the 
image, with blue representing the ones deepest in the brain, then green, yellow, red, 
and finally pink for vessels closest to the brain's surface. Unfortunately, beauty only 
goes so far. “The manuscript hasn't gotten past the editors of top journals,” Taylor 
laments, even one that put this picture on its cover. 


physics lab. But in 2008, SLAC research- 
ers turned off their last particle smasher. In 
2009, they turned on the world’s first x-ray 
laser, the Linac Coherent Light Source, 
which serves experiments in materials sci- 
ence, chemistry, structural biology, and 
other fields. Kao, 54, hopes to expand the 
lab’s portfolio into 
basic research in 
energy storage, solar 
technology, and 
catalysis. “We have 
a very aggressive 
growth agenda that 
needs the budget 
[from DOE] to sup- 
port it,” he says. 

Kao is a top-flight researcher, says Peter 
Siddons of Brookhaven National Labo- 
ratory in Upton, New York, where Kao 
worked from 1988 until 2010: “It was clear 
from the get-go that he was leadership 
material.” http://scim.ag/_Kao 
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Ireland Scraps Office 
Of Science Adviser 


Mark Ferguson, who heads the Science 
Foundation Ireland (SFI), a research funding 
agency, is now also Ireland’s chief scientific 
adviser. He takes over for animal geneticist 
Patrick Cunningham, who finished his 5-year 
term at the end of August. On 26 October, the 
government announced that Cunningham’s 
office, created in 2004, will be abolished as 
part of a “wider drive for reform and greater 
efficiency within the Department of Jobs, 
Enterprise and Innovation.” The move has 
drawn criticism from researchers. 

“We now have one civil servant doing 
this as a part-time job, on top of his already 
significant workload,” says Stephen Sullivan, 
chief scientific Officer of the Irish Stem Cell 
Foundation. Sullivan also sees a “huge con- 
flict of interest,’ because the director of SFI, 
funded by taxpayers, “is also the man now 
advising the government on how taxpayers’ 
money should be spent.” 
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NEWS OF THE WEEK 


FINDINGS 


Sand Grains Make Dunes Sing 


When whipped by desert winds, sand dunes 
signal their displeasure with haunting moans 
that reverberate across the arid landscape. 
Some emit single notes while others mimic 
a jumbled chorus, but what causes differ- 
ent dunes to sing different songs has been a 
mystery—until now. Scientists at Université 
Paris Diderot collected sand from a singing 
dune in Morocco that moans at around 


105 hertz (Hz)— 
or, to a musician, 
G-sharp two octaves 
below middle C. 
They compared 
those grains to sand 
collected from a 
dune in Oman, 
which produces 
notes ranging from 
90 Hz to 150 Hz 
(F-sharp to D). As they reported in a paper 
published online last week in Geophysi- 

cal Research Letters, the scientists repro- 
duced these desert songs by sliding sand 
down inclines in the lab, indicating that the 
synchronized movement of sand grains pro- 
duces the famed moaning. When they sieved 
the Omani sand so the grains were similarly 
sized, the resulting “avalanche” produced a 
single-note song. Grain size, they conclude, 
determines the notes contained in a dune’s 
song. http://scim.ag/singsand 


ea 


Random Sample 


Repellent Marketing 


Cool as a Ball of Dung 


If you’ve ever run barefoot across a siz- 
zling beach in summertime, imagine what 
the dung beetle endures as it works the 
African savanna, where midday surface 
temperatures can exceed 60°C. The beetles, 
however, have an ingenious trick for keep- 
ing cool, according to a study published on 
23 October in Current Biology. They take 
periodic breaks from rolling their balls of 
dung and climb atop their cargo, which 
stays up to 30° cooler than the ground 
because of evaporating moisture. 

The researchers, from Sweden and 
South Africa, noticed that the beetles 
clambered onto their dung balls more fre- 
quently as the surface temperature rose. 


When it comes to the truth, Bart Knols is prepared to suffer for it. In July, Knols, a malaria 
specialist with the Dutch Malaria Foundation, heard that the Sao Paulo, Brazil-based advertis- 
ing agency Talent had won a Grand Prix at the prestigious Cannes Lions International Festival 
of Creativity for an unlikely stunt. To promote the adventure magazine Go Outside, the agency 
had persuaded a radio station to add a 15 kHz signal to its normal music broadcast to Campos, 
Brazil, and Sao Paulo between 6 p.m. and 8 p.m. for 3 weeks. The agency claimed the signal 
deterred mosquitoes, allowing listeners to “go outside” without fear of being bitten. 

The scientific consensus, however, is clear that such “repellents” do not work. The advertise- 
ments endanger people by “giving them a false sense of security,” Knols says. To prove the 
point, he made a video of himself holding an iPhone emitting the 15 kHz signal in a cage full 
of hungry female mosquitoes. Within minutes, his hand was covered with feasting insects. But 
festival organizers were unswayed when Knols asked them to withdraw Talent's prize. Neither 
the agency nor the festival responded to e-mails from Science seeking a comment. 

Dozens of apps in the Apple and Google online stores claim to repel mosquitoes with similar 
high-frequency sounds, Knols says. The prize “is fueling the industry of these bogus products,” 
he charges. “It’s fraud, it’s criminal, and it’s unethical.” He hopes that the app stores will be 
more responsive to his arguments than the advertisers have been. 
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Using infrared thermography, they found 
that the temperature of the beetles’ front 
legs decreased up to 10°C during these 
interludes. When they dipped the beetles’ 
front legs in silicone to form tiny insulating 
boots, the beetles could better tolerate the 
hot sand and climbed on the dung balls less 
often. A dung ball provides a “mobile ther- 
mal refuge,” the researchers conclude, by 
providing elevation above the ground and 
absorbing heat directly from a beetle’s legs 
when it climbs atop, and by cooling the the 
sand in front of the beetle as it pushes the 
ball along. 


| | LIVE | 


Join us Thursday, 8 Nov, at 3 p.m. EST for a 
live chat on the science of sexuality. 
http://scim.ag/science-live 
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SCIENCE AND THE LAW 


Convictions Leave Italy's 
Civil Protection in Chaos 


ROME—Italy’s government was left without 
experts to advise it on natural hazards fol- 
lowing the conviction last week of six sci- 
entists and a government official for advice 
they gave ahead of the deadly earthquake in 
LAquila in 2009. The president and several 
members of the National Commission for 
the Forecast and Prevention of Major Risks 
(CGR) have resigned in response to the 
convictions, while others have threatened to 
resign. As Science went to press this week, 
the commission remained out of action, its 
future unclear. 

The seven convicted men took part in 
a CGR meeting on 31 March 2009, 6 days 
before the magnitude-6.3 earthquake, 
which killed more than 300 people. Last 
week, each of the seven were sentenced to 
6 years in prison by a judge after having been 
accused of falsely reassuring L Aquila’s cit- 
izens as a result of discussions they held 
during the meeting (Science, 26 October, 
p. 451). CGR is a consultative body to Italy’s 
Civil Protection Department (DPC); in a note 
to the press last week, DPC warned that the 
conviction could lead to “paralysis” of risk 
forecasting and prevention in Italy. 

In an e-mail written on 23 October, the 
day after the conviction, CGR president, 
particle physicist Luciano Maiani, told his 
fellow commission members that he was 
sending his resignation letter to Prime Min- 
ister Mario Monti because he believed CGR 
could not work “serenely and effectively.” 
The jail terms had highlighted the “fragility” 
of the commission, Maiani wrote. He also 
expressed his “most complete solidarity” 
with the convicted seven. 

The commission’s president emeritus and 
vice president also resigned, and about two- 
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thirds of the 60-strong membership have at 
least announced their intention to do so. In 
a 26 October Cabinet meeting, however, the 
Italian government rejected the resignations, 
leaving the commission’s future uncertain 
for the moment. 

CGR members argue that their role as 
scientific advisers isn’t clearly distinguished 
from that of the decision-makers. The way 
the CGR works was overhauled last year 
to avoid the confusion that took place in its 
now-infamous meeting ahead of the LV Aquila 
quake, which civil protection officials, local 
administrators, and others also attended, 
and which did not result in a summary at the 
meeting’s close. Today, deliberations take 
place behind closed doors and result in offi- 
cial documents that are sent to DPC. But, says 
resigning commission member Aldo Zollo of 
the University of Naples Federico II, the reg- 
ulations do not explicitly free the scientists of 
all responsibility for decisions made on the 
basis of their advice, which may stifle their 
ability to speak their minds. 

A pair of earthquakes earlier this year 
in the north of Italy provides a case in 
point, Zollo says. CGR’s advice regarding 
the possibility of a third quake led DPC to 
take emergency measures; when the quake 
didn’t materialize, the mayor of a town 
called Finale Emilia threatened to sue the 
commission because the measures ham- 
pered local business. 

Not all commission members agree 
with the resignations, however. Francesco 
Mulargia, a geophysicist at the University of 
Bologna, says the judge’s decision must be 
respected: “[I]n a civilized country, justice is 
administered in courts and not in talk shows, 
in newspapers, in streets or by ‘resigning in 
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Aftermath. CGR President Luciano Maiani (left) 
offered his resignation last week, while a phone con- 
versation between Guido Bertolaso (center) and Enzo 
Boschi (right) shed new light on the commission's 
relation to Bertolaso. 


3:95 


protest,” Mulargia wrote in an e-mail. He 
maintains that the resigning scientists mis- 
takenly believe science itself to be on trial, 
whereas, he says, the defendants were actu- 
ally charged with not correctly conveying 
that science. 

But Mulargia agrees that in the wake of 
the verdict, new regulations are needed, argu- 
ing that “CGR cannot have any responsibil- 
ity if not the scientific one.” Stefano Gresta, 
president of the National Institute of Geo- 
physics and Volcanology (INGV), says that 
new rules might be forthcoming as early as 
this week, either in the form of DPC regula- 
tions or new laws. He points out that Maiani 
and the other heads of CGR were due to meet 
on 30 October to clarify the commission’s 
role in civil protection. 

That a solution is needed was driven 
home by a magnitude-5 earthquake that 
struck near the border between the Calabria 
and Basilicata regions in southern Italy just 
3 days after Maiani resigned. The quake was 
the latest tremor in a more than 2-year-long 
seismic “swarm,” and it represented a signif- 
icant jump in magnitude—a situation fairly 
similar to that in L Aquila a week before the 
fatal quake. But DPC head Franco Gabrielli 
could not draw on the expertise of CGR to 
assess the risks of more significant tremors 
last week. Fortunately, the commission had 
analyzed the swarm earlier in the month. 
“This earthquake is well characterized by 
that analysis,” Gresta says. 

Ina separate development, the newspaper 
La Repubblica published another recorded 
phone conversation last week suggesting that 
scientists serving on CGR were under pres- 
sure to bring their public statements in line 
with the wishes of Guido Bertolaso, then- 
head of the DPC. (Bertolaso’s phone was 
tapped at the time by prosecutors investigat- 
ing his possible involvement in corrupt gov- 
ernment contracting.) In the call, recorded 
3 days after the L Aquila quake, Bertolaso dis- 
cusses a CGR meeting scheduled for that day 
with commission member and then-INGV 
Director Enzo Boschi. “Today’s meeting is 
aimed at this, so the truth is not to be said,’ 
Bertolaso said. At the end of the brief conver- 
sation, during which the meeting’s aim and 
“the truth” were not revealed, Boschi reas- 
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sures Bertolaso that “ours is a very coopera- 
tive attitude. We will do a press release which 
we will first submit to your attention.” In Jan- 
uary of this year, La Repubblica published the 
recording of another call in which Bertolaso, 
talking with a regional official ahead of the 
31 March 2009 meeting, says that that meet- 
ing was to be “more of a media operation” in 
which “‘we want to reassure the public.” 


STEM CELLS 


Immune Reactions 


When under threat, it pays to be flexible. 
That principle may help explain why scien- 
tists have been able to use viruses to repro- 
gram differentiated cells into stem cells, an 
advance that was recognized as part of this 
year’s Nobel Prize in physiology or medi- 
cine. In the 26 October issue of Cell, a U.S. 
research team reports that a cell’s defensive 
reaction to viruses seems to make it more 
open to expressing genes that are usually shut 
down—whether they be those that trigger 
inflammation or those that are active 
in stem cells. The find could help sci- 
entists better understand how cellular 
reprogramming works, and may also 
help them develop more efficient and 
safer ways to reprogram cells. 

Exactly what happens inside 
cells during reprogramming 
remains a mystery. The technique 
as first described in 2006 by Shinya 
Yamanaka of Kyoto University in 
Japan, who shared this year’s Nobel 
Prize, involves giving a cell extra 
copies of four key genes by infect- 
ing it with a retrovirus that inserts the 
genes into the host cell’s genome. In 
a poorly understood process, the pro- 
teins encoded by those genes set offa 
cascade of signals that turns mature 
cells into pluripotent cells, which can become 
any of the body’s tissue types. These so-called 
induced pluripotent stem (iPS) cells have 
allowed scientists to derive cell lines that are 
a genetic match with patients, enabling them 
to study diseases in new ways. They may also 
someday provide genetically matched tissue 
for regenerative medicine. 

The first techniques used to reprogram 
cells had a major drawback, however. The 
virus-inserted genes remained in the iPS 
cells, raising the possibility that they might 
cause tumors. Although scientists have found 
several ways to ferry reprogramming genes 
into cells without permanently altering the 
genome, they are still looking for new meth- 


Meanwhile, the flood of protests from out- 
side Italy has continued. Michael Halpern of 
the Union of Concerned Scientists wrote in 
a blog post last week that the conviction “for 
failing to accurately predict an earthquake” is 
“an absurd and dangerous decision,” while a 
Nature editorial said: “The verdict is perverse 
and the sentence ludicrous.” But a statement 
by the American Geophysical Union (AGU) 


ods. One especially attractive alternative is 
protein-only reprogramming, which would 
avoid the use of foreign genes altogether. By 
directly inserting the proteins that the repro- 
gramming genes code for, scientists can set 
off the same signaling cascade, but the pro- 
cess Is very inefficient. 

John Cooke, a cardiologist at Stan- 
ford University School of Medicine in Palo 
Alto, California, and his colleagues wanted 
to understand why the proteins worked so 


Protein makeover. These cells were reprogrammed into stem 
cells with proteins alone. 


poorly. They carefully examined what hap- 
pened when they treated cells with a single 
reprogramming factor, either via a gene in a 
retrovirus or with specially designed versions 
of the reprogramming proteins that can tra- 
verse cell membranes. The cells that received 
the retrovirus began to express the inserted 
gene and its downstream counterparts within 
hours. The proteins took days to have any 
effect. 

Cooke wondered if the virus might be 
doing more than just ferrying genes. When 
the researchers added a virus that carried only 
a marker gene to cells that received copies of 
a single reprogramming protein, the effect 
was immediate: Within a few hours, the cells 


was more reserved, calling the prison sen- 
tences “troubling” and pointing out that they 
“could ultimately be harmful” to combat- 
ing the threat of natural disasters. Although 
AGU had called the charges against the seven 
“unfounded” in 2010, it now merely said that 
“the facts of the L Aquila case are complex.” 

—-EDWIN CARTLIDGE 
Edwin Cartlidge is a science writer in Rome. 


Help Reprogram Cells 


began to react to the protein, expressing the 
signaling pathway it triggered. Further exper- 
iments showed that the virus triggers the cell’s 
innate immune response, primarily through 
a protein called toll-like receptor 3 (TLR3), 
and this ends up unwinding chromatin, the 
complex of DNA and proteins that usually 
keeps genes that aren’t in use tightly bound 
in compact coils. 

“When a cell meets a pathogen, it assumes 
a more plastic phenotype, which allows it to 
adapt to survive the pathogenic challenge,” 
says Cooke, who calls this ready-for-anything 
state “transflammation.” For those trying to 
make stem cells, the looser chromatin appar- 
ently allows the reprogramming factors better 
access to the genes involved in pluripotency. 

Cooke’s group found that blocking the 
TLR3 pathway also blocked reprogramming 
by viral vectors and by another method, the 
introduction of messenger RNAs that code 
directly for reprogramming factors. When the 
researchers added a TRL3-triggering mole- 
cule to their protein-only reprogramming rec- 
ipe, they significantly improved the speed and 
efficiency of the technique. 

“It is intriguing and unexpected that 
inflammatory pathways play a role in repro- 
gramming,” says Konrad Hochedlinger, a 
stem cell researcher at Harvard University. 
He notes that TLR3 may affect not only chro- 
matin but also other processes such as a cell’s 
replication rate. The find “adds to the deeper 
understanding of reprogramming mecha- 
nisms,” agrees George Daley, a stem cell sci- 
entist at Harvard Medical School in Boston. 

Cooke says he hopes that the transflam- 
mation might also help researchers look- 
ing for ways to turn one kind of mature cell 
directly into another, skipping the pluripotent 
state altogether. Cooke and his colleagues 
would ideally like to use it to change skin 
or other cells into cardiac cells that might 
help patients suffering from heart disease— 
turning a cell’s perceived threat into a power- 
ful opportunity. —-GRETCHEN VOGEL 
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PALEONTOLOGY 


Flying Dinos and Baby Birds Offer New 
Clues About How Avians Took Wing 


RALEIGH—Most scientists agree that birds 
are living dinosaurs, survivors of the mass 
extinction that did in all other dinos at the 
end of the Cretaceous period 65 million years 
ago. Birds are also the result of a remarkable 
series of evolutionary events that transformed 
dinosaurs from mighty masters of the land 
into light and feathery lords of the skies. At 
a meeting of vertebrate paleontologists here 
last month,” researchers pondered fresh clues 
about the origins of flight from studies of 
feathered dinosaurs and baby birds. 

“This was one of the most important 
morphological and behavioral transitions in 
the history of vertebrate life,’ says Stephen 
Brusatte, a paleontologist at the American 
Museum of Natural History in New York 
City. And some of the most tantalizing clues 
to how it may have happened have been 
uncovered during the past dozen or so years: 
Nearly 30 species of feathered dinosaurs 
have been reported during that time, mostly 
from China, although just last week a team 
from Canada announced that a closer look 
at previously discovered dinosaurs from 
Alberta revealed that they were also covered 
with feathers (Science, 26 October, p. 510). 

Perhaps the most spectacular of these 
finds have been beautifully preserved fossils 
of a crow-sized dinosaur called Microrap- 
tor, reported by Chinese paleontologists in 
2000 (Science, 8 December 2000, p. 1871). 
Microraptor belongs to a group of carnivo- 


2 rous dinosaurs called the dromaeosaurids, 


*Society of Vertebrate Paleontology 72nd annual meet- 
ing, Raleigh, North Carolina, 17-20 October. 


which includes Velociraptor of Jurassic Park 
fame. The dromaeosaurids, many of which 
had feathers, were closely related to the ear- 
liest birds, although whether they were the 
closest of all dinosaur groups—and whether 
any of them could actually fly—is still a 
matter of debate. 

Yet, if any dromaeosaurid could fly, 
researchers generally agree, it would be 
Microraptor. This slender dino had feathers 
on both its forelimbs and hind limbs, as well 
as a feathery tail. The Chinese scientists who 
originally reported it, including famed dino 
hunter Xu Xing, have argued that Microrap- 
tor was a glider that spread its four feathered 
limbs out wide as it launched itself from 
trees. They and other researchers have also 
suggested that the transition from nonflying 
dinosaurs to flying birds involved just such a 
four-winged stage, but that birds eventually 
lost the feathers on their hind limbs as they 
evolved more elaborate wings and feathers 
on their forelimbs. However, some pale- 
ontologists, including Brusatte, have chal- 
lenged this hypothesis, countering that the 
dromaeosaurid body plan would not have 
allowed Microraptor to spread its hind limbs 
out far enough to serve as wings (Science, 
24 January 2003, p. 491). 

In a pair of companion papers presented at 
the Raleigh meeting, a team led by biologists 
Michael Habib of the University of Southern 
California in Los Angeles and Justin Hall of 
USC and the Natural History Museum of Los 
Angeles County described new studies using 
three-dimensional models and computer sim- 
ulations to figure out how Microraptor might 


Agile flyer? New studies suggest the 
feathered dromaeosaurid Microraptor 
used its hind legs as rudders to steer 
among the trees. 


have flown. After modeling how 
much lift and maneuverability 
Microraptor would have achieved 
with its limbs in various positions, 
the researchers found that it would 
have been a much better flyer if it 
kept its forelimbs spread but its 
hind limbs tucked under its body, 
where they could be used as rud- 
ders to keep the animal under con- 
trol as it banked and turned. By 
using the hind limbs in this way, 
the team concluded, Microraptor 
would have been able to turn twice as fast as 
a two-winged animal. 

The team also found that Microraptor’s 
long tail—which is relatively longer than that 
of Velociraptor and many other dromaco- 
saurids—would have been a key part of this 
control and stabilization apparatus, helping 
to adjust the animal’s pitch as it maneuvered 
among closely spaced trees. These adapta- 
tions, Hall tells Science, “let you get this 
dinosaur body into the air with very little [ana- 
tomical] overhaul” of its basic body plan. 

Kevin Padian, a paleontologist at the 
University of California, Berkeley, who has 
also challenged the notion that Microraptor 
splayed its hind limbs out laterally, says the 
team has “advanced over some earlier work 
and gotten rid of stuff that was obviously ana- 
tomically wrong.” But Padian objects that 
the model is still based on the old assump- 
tion that birds evolved from dinosaurs that 
glided down from trees. Many researchers 
now favor “ground up” scenarios in which 
feathered dinosaurs and early birds flapped 
their wings to get into the air. Habib and 
Hall counter that their model would work 
for either type of scenario. 

Thomas Holtz, a geologist at the Uni- 
versity of Maryland, College Park, says 
the debate over the two hypotheses “ended 
with the end of the 20th century,’ when 
paleontologist Kenneth Dial of the Uni- 
versity of Montana in Missoula proposed 
that flight evolved after bird ancestors 
began using their feathery forelimbs to 
provide a bit of lift as they ran up trees and 
other inclined surfaces (Science, 17 January 
2003, p. 329). Dial’s ““wing-assisted incline 
running” hypothesis makes evolutionary 
sense, Holtz says, because many animals— 
including today’s chickens and peacocks— 
hide in trees to escape predators. “There 
would have been selective pressure to ascend 
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into the trees and then get out of them once 
you got up there,” he says. 

In Raleigh, Dial’s graduate student 
Ashley Heers argued in a widely applauded 
talk that paleontologists should search for 
clues to the origins of flight by studying the 
stages that young birds go through as they 
begin to fly. Although the 19th century idea 
that “ontogeny recapitulates phylogeny” 
has been widely discredited, Heers said, 
many young animals do retrace key evolu- 
tionary steps between birth and adulthood. 
For example, she argued, young birds such 
as chukars, a member of the partridge fam- 


EDUCATION 


ily, have many features that are typical of 
extinct carnivorous dinosaurs but are not 
present in adult birds. They include unfused 
thoracic vertebrae and a small pelvis and 
very small keel, an extension of the ster- 
num that protrudes outward from the ribs. 
Young chukars and other juvenile birds also 
have symmetrical feathers that give way 
to asymmetrical ones in adult birds, a pat- 
tern that reflects differences between early 
and later feathered dinosaurs. And Heers 
and Dial have documented wing-assisted 
incline running in baby chukars; although 
they cannot yet fly, if their wings are clipped 


or blocked, their ability to run up inclines is 
greatly reduced. 

The study of living juvenile birds is 
important to understanding the evolution 
of flight, Heers tells Science, because “if 
you saw them as a fossil, you would prob- 
ably not guess what they were actually using 
their wings for.” Holtz agrees, although he 
stresses the importance of new fossil dis- 
coveries as well: “We are getting a nice, 
coherent picture of the phases of avian evo- 
lution that was totally unguessable without 
these wonderful new fossils from China.” 

—MICHAEL BALTER 


Indonesia to Drop Science for Youngest Students 


Indonesian children lag far 
behind their peers on global 
measures of science apti- 
tude. But rather than use that 
poor performance as a call 
to arms, the Indonesian gov- 
ernment wants to eliminate 
science as a subject in the 
nation’s elementary schools 
as part of a “streamlining” of 
the curriculum. 

The proposed changes 
were unveiled at the end of 
September but have only 
recently attracted widespread 
attention. And not surpris- 
ingly, some scientists are fum- 
ing. “While other countries are 
introducing science early, the 
proper way, Indonesia is going 
backwards,” says Sangkot Marzuki, director 
of the Eijkman Institute for Molecular Biol- 
ogy in Jakarta and president of the Indonesian 
Academy of Sciences. 

The new curriculum will have six sub- 
jects: arts and culture, civics, Indonesian 
language, math, religion, and sports. The 
natural sciences, social sciences, and Eng- 
lish will be dropped from grades | to 3, start- 
ing next year with the first grade. 

“[P]rimary school students will be 
involved in moral and character building 
instead of focusing on the content of sub- 
jects,’ Deputy Education and Culture Min- 
ister Musliar Kaslim told The Jakarta Post 
last month. Students will learn science as 
part of their Indonesian language studies, 
he explained, as part of an effort to lighten a 
curriculum that now is “too heavy.” 

Some see the hidden hand of Islamic fun- 
damentalists in the move to jettison science. 


Challenging assignment. Teachers will need to work harder to get science into Indo- 
nesian classrooms. 


“A science education is a secular education,” 
says a Jakarta-based scientist who requested 
anonymity. The curriculum revisions, he 
asserts, are “symptomatic of the ongoing 
struggle by this nation to retain its secular 
identity and soul.” 

“Rubbish,” says C. W. Watson, a 
social anthropologist who has rallied to 
the education ministry’s defense. “The 
government is very secular and there are 
no Islamicist moles working there,” says 
Watson, who teaches at the Bandung 
Institute of Technology. 

Indonesian students have fared poorly on 
recent global science tests. For example, in 
the 2007 Trends in International Mathematics 
and Science Study exam, Indonesian eighth 
graders placed 35th out of 48 countries. Indo- 
nesia’s 15-year-olds ranked sixth from last in 
science proficiency in the 2009 Program for 
International Student Assessment. 


Some backers of the revi- 
sions laud the emphasis on 
morality. “We don’t just need 
experts in physics and math- 
ematics, but people who 
understand human values,” 
Dedi Gumelar, a legislator 
in Indonesia’s House of Rep- 
resentatives was reported as 
saying in the Jakarta Globe. 

Watson believes the new 
curriculum is on the right 
track. “It’s excellent in terms 
of its aim to instill a sense 
of curiosity about the natu- 
ral world and the immedi- 
ate material environment of 
pupils.” Watson, a professor 
emeritus at the University of 
Kent in the United Kingdom, 
says the revised curriculum resembles that 
of primary schools in the United Kingdom. 

Observers of all stripes agree that Indo- 
nesian schools need more innovative teach- 
ing. The new curriculum takes a step toward 
inquiry-based learning by asking students 
“to observe their surroundings,” according 
to Musliar. 

Still, schoolteachers will need more 
training and support to get students to “learn 
science by doing it,” Marzuki says. “It’s not 
the science that’s wrong, but the way science 
is taught,” he says. He says the education 
system now emphasizes rote memorization. 

Marzuki and other scientists hope to per- 
suade the government to restore natural sci- 
ences to the curriculum before the changes are 
finalized later this year. The education minis- 
try’s revisions may be “wrong,” Marzuki says, 
but “they are not an attack on science.” 
—-RICHARD STONE 
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Cancer Gene Data Casts Doubt on Popular Research Method 


The online catalog PubMed contains 
more than 25,000 biology papers 
about Myc, a gene linked to aggres- 
sive cancers, says David Levens, a 
pathologist at the National Cancer 
Institute in Bethesda, Maryland. 
But most of this work now needs to 
be reevaluated, according to Levens 
and a colleague, molecular biolo- 
gist Richard Young of the Whitehead 
Institute for Biomedical Research 
in Cambridge, Massachusetts. They 
argue that Myc’s cancerous effects are 
much broader than most people have 
assumed, and that a flawed experi- 
mental method may have thrown off a 
decade’s worth of Myc research. 

Perhaps as important, the pair says 
that the problem may extend beyond 
studies of cells with Myc. Gene- 
expression studies that used prolif- 
erating cells of any kind may need 
to be reinvestigated, says Young, who 
claims to have done this for experi- 
ments involving “key concepts we have pub- 
lished in the past 5 years.” In a paper in Cell 
last week, he and Levens call for “revisiting” 
all gene-expression results. That could be a 
well-nigh-impossible task, as the technique 
is widely used throughout biology research; 
there are more than 750,000 gene-expression 
data sets in just one public database. 

Both Levens and Young say they started 
rocking the boat when James Watson, winner 
of the 1962 Nobel Prize in physiology or med- 
icine and co-discoverer of DNA’s structure, 
began pushing a year ago for a better explana- 
tion of how a mutated Myc promotes cancer. 
According to them, Watson, now chancellor 
emeritus at Cold Spring Harbor Laboratory in 
New York, helped set up a conference on Myc 
at the lab in November 2011. 

It was at that meeting, Levens says, that 
he proposed “with a great deal of trepidation” 
that a cancer-promoting Myc doesn’t activate 
specific genes, as had been assumed for years. 
Instead, he argued, it works like a “univer- 
sal” switch to boost RNA output by all genes 
expressed in a cell—an idea that Young was 
also investigating. The two published indepen- 
dent papers on Myc’s function back-to-back in 
a the 28 September issue of Cell. But they went 
& further last week in a Ce// commentary, sug- 
= gesting that this type of universal gene activa- 
tion was more common than thought. The pair 
called for a broad reconsideration of almost 
all gene-expression data. 
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Missed effects? New biology may require a reevaluation of gene- 
expression data like this view of mouse DNA, researchers say. 


Not everyone agrees about the significance 
of the new Myc insight. Chi Van Dang, one of 
the most published experts on Myc and direc- 
tor of the Abramson Cancer Center at the Uni- 
versity of Pennsylvania, suggests that some of 
the new claims about Myc are exaggerated. 
He objects especially to Levens’s use of the 
word “universal” to describe how Myc oper- 
ates to increase the RNA output of genes. By 
Dang’s reckoning, at least 10% of the genes 
affected by the oncogene are suppressed. 
As for the broader issue, Todd Golub, a can- 
cer researcher at the Broad Institute in Cam- 
bridge, says that it would be a mistake to think 
that “‘all previously reported gene-expression 
studies are suspect.” 

A persistent critic of such research, 
Simon Meloy, a molecular biologist at the 
Buck Institute for Research on Aging in 
Novato, California, says he often tells peo- 
ple that “80% of expression studies in the lit- 
erature are bad” because the experiments are 
designed poorly. The specific issue flagged 
by Young and Levens—that gene expres- 
sion varies a lot from one cell to another and 
that RNA assays need to be normalized bet- 
ter to account for this—is pretty “obvious,” 
according to Melov. 

The problem highlighted by the Myc stud- 
ies may sound modest, but after thinking 
about it for a year, Levens and Young don’t see 
a simple fix. The only way to update the older 
work on Myc and gene expression, they say, 


Published by AAAS 


is to go back to the lab and redo the 
experiments. That view, Young says, 
causes “the most angst” among biol- 
ogists. He says he understands the 
“desperation” of bioinformaticists 
seeking a way to tweak existing data 
into better shape, but he can’t offer 
one that doesn’t require lab work. 

Levens suggests that this prob- 
lem arose partly because scientists 
viewed Myc as a “master regulator of 
master regulators,” one that sends a 
signal along defined pathways to an 
array of specific targets that send out 
additional signals, creating a dizzy- 
ing pattern of interactions. In reality, 
Levens says, “Myc is not a high exec- 
utive making lots of decisions but a 
dumb bureaucrat enforcing a rule.” 
And the rule itself seems pretty sim- 
ple: If a gene is expressed, increas- 
ing Myc in nearly all cases increases 
that gene’s level of expression. Genes 
that are already highly expressed are 
boosted more, so the impact of Myc is “expo- 
nential,” Levens says. 

The broad effects of Myc were overlooked, 
according to Levens and Young, because the 
standard procedure in gene-expression exper- 
iments has been to use similar quantities of 
RNA from the samples being compared and 
to normalize results to mean RNA. Young cal- 
culates that this practice erroneously deflates 
Myc’s effects two- to threefold. He says it also 
creates the impression that some genes are 
turned down when they are not. 

Levens and Young acknowledge that 
more studies are needed to show that this 
problem extends beyond Myc-driven can- 
cer cells. But there is one clear way to pre- 
vent being misled in the future. To get 
accurate gene-expression results, Young 
says, researchers should “spike in” known 
amounts of labeled RNA so that assays will 
contain a yardstick for RNA quantity tied to 
the source. 

Young says that his “biggest concern” for 
a time was that “misinterpretations” of gene- 
expression data might affect patient care. But 
based on conversations with clinicians whose 
judgment he trusts, he’s decided that isn’t a 
problem. Levens agrees. He says that diag- 
nostic and therapeutic methods exploiting 
gene-expression data are held to much more 
demanding standards than research papers; 
they have to work in the clinic. 

—ELIOT MARSHALL 
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U.S. Agencies Feel the Pinch of Travel Cutbacks 


Two years ago, the General Services Admin- 
istration, which is responsible for improving 
efficiency across the U.S. government, held a 
conference in Las Vegas, Nevada, that became 
notorious. Attendees enjoyed delights such 
as artisanal cheese, expensive sushi, and a 
mind-reading session—at a cost to taxpayers 
of $800,000. An investigation and a congres- 
sional hearing earlier this year prompted the 
Office of Management and Budget (OMB) 
to impose government-wide restrictions on 
conference travel—and now some scientific 
meetings are paying the price. 

The restrictions, spelled out in an 11 May 
OMB memo, have shrunk attendance at 
several meetings over the past few months. 
Recently, they caused the American Astro- 
nautical Society (AAS) to cancel its annual 
conference on space science, which was to 
be held at the Jet Propulsion Laboratory in 
Pasadena, California, on 28 
and 29 November. Ironically, 
the conference, which prom- 
ised to feature several speakers 
from NASA headquarters, was 
devoted to the theme of “Space 
Science and Planetary Explo- 
ration in an Age of Austerity.” 

“We were going to discuss 
how to do meaningful space 
science in a tight fiscal cli- 
mate,” says AAS President 
Frank Slazer. When key NASA 
speakers dropped out because 
of travel restrictions, the meet- 
ing fell apart. “Bottom line, to 
avoid spending a small amount 
of money on our conference, 
we had to cancel a meet- 
ing that was going to be focused on doing 
challenging—and expensive—space 
research at lower cost.” 

The OMB memo specifically requires 
that agencies conduct a senior-level review 
before participating in conferences that 
might cost the agency more than $100,000. It 
also prohibits agencies from spending more 
than $500,000 on any single conference 
without obtaining an exemption from the 
agency head. In addition, the memo directs 
agencies to cut annual travel expenditures 
30% below fiscal year 2010 levels starting in 
FY 2013, which began on | October. 

The impact began to be felt within weeks 
of OMB’s ruling. To fit under the $100,000 
expenditure cap, NASA whittled down its 
participation in the International Space Sta- 
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tion Research and Development Conference 
in mid-June, a Denver meeting also orga- 
nized by AAS. Some 84 NASA employees 
were supposed to attend, but only 50 went— 
enough, AAS reasoned, to proceed. For the 
Pasadena meeting, however, more than eight 
speakers who had been invited from NASA 
headquarters said they could not make it. The 
depleted roster made the meeting unviable, 
and the association decided to cut its losses. 
Other disciplines are bearing the brunt as 
well. A symposium on environmental tech- 
nology sponsored each year by the Depart- 
ment of Defense—to be held in Washington, 
D.C., in November—was called off, the 
organizers say, because they did not have 
enough time to obtain the budgetary approv- 
als for travel required under the new rules. 
Nearly 80 employees of the National 
Weather Service had to drop out of the 


Exception. NIH’s role in the Society for Neuroscience’s annual meeting is one of a 
rare few exemptions from new federal travel restrictions. 


National Weather Association meeting held 
in Madison in October because the Depart- 
ment of Commerce, which oversees NWS, 
did not approve the travel in time. 

The Department of Energy (DOE) has 
cut the number of laboratory staff members 
who will attend the premier supercomputing 
conference, SC12, being held in Salt Lake 
City from 10 to 16 November. Last year, 550 
DOE lab people attended; only 400 are going 
this year. DOE labs, which typically sponsor 
booths at the conference to tout their latest 
research and foster recruiting, won’t have 
any this year. DOE’s reduced involvement is 
of serious concern, says SC12 Chair Jeffrey 
Hollingsworth, a computer scientist at the 
University of Maryland, College Park. “This 
affects their ability to be engaged in the cut- 
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ting edge of science and could affect U.S. 
competitiveness in the high-performance 
computing field,” he says. 

The OMB memo appears to have had 
far less impact at the National Institutes of 
Health (NIH). Initially, NIH officials wor- 
ried that the restrictions would apply to peer- 
review panels. After NIH Director Francis 
Collins made a personal appeal, OMB 
responded that meetings of peer-review pan- 
els and federal advisory committees are not 
considered conferences and are exempt from 
the spending limits. 

Nor has the OMB memo affected 
grants for conferences that cost more than 
$100,000, NIH says. The secretary of 
Health and Human Services has given waiv- 
ers for several big meetings with more than 
$500,000 in NIH expenditures, including 
the International AIDS Conference and the 
Society for Neuroscience’s 
annual meeting. 

Travel restrictions may be 
causing some problems now, 
but things could get a lot worse 
if Congress enacts the Govern- 
ment Spending Accountabil- 
ity Act of 2012, which passed 
the House of Representatives 
in September. That legislation 
would make the OMB travel 
restrictions permanent and 
make it harder to obtain waiv- 
ers. Several scientific societ- 
ies, including the Federation of 
American Societies for Experi- 
mental Biology (FASEB) and 
the American Physical Society, 
have objected to the bill. 

Howard Garrison, FASEB’s deputy exec- 
utive director for policy, acknowledges the 
need to rein in spending on conferences in 
hard times. But he says researchers across 
the life sciences and other disciplines are 
already making efforts to cut down on meet- 
ing costs—for instance, by taking pub- 
lic transportation instead of jumping into a 
cab to get from their hotel to the conference 
venue. However, he says, meetings are espe- 
cially important for young scientists, and 
scientists inside and outside the government 
need to continue interacting face-to-face: 
“Administrative officials who run grant pro- 
grams need to be able to get out there and 
speak to the research community.” 

—-YUDHIJIT BHATTACHARJEE 
With reporting by Robert F. Service and Jocelyn Kaiser. 
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“Everyone says that a large university is hard to turn round, like a 
supertanker,” proclaims Axel Freimuth, rector of the University of 
Cologne in Germany. “But that’s simply wrong. We have 40 new 
appointments every year. Our size gives us the potential to act 
dynamically.” 

A solid-state physicist, Freimuth personifies what a German uni- 
versity leader needs to be: three-parts persuader and one-part auto- 
crat. That combination has worked well for Freimuth, a bear of a man 
who became rector at Cologne in 2005. In June, his 40,000-student 
university competed successfully for a €50 million, 5-year “future 
concepts” grant, one of 11 winners in a federally funded “Excellence 
Initiative” designed to build stronger German research universities. 

The grant supports a strategic plan to develop the entire university. 
It builds on earlier support for a research “cluster” in Cellular Stress 
Responses in Aging-Associated Diseases. The cluster 
grant alone, Freimuth says, has helped attract €300 mil- 
lion of investment— including brand-new Max Planck and 
Helmholtz centers—at the university. “Cologne is now the 
focus of aging research in Germany,” Freimuth says. 

Yet Freimuth acknowledges that some of his col- 
leagues at Cologne are skeptical that the initiative will be 
able to turn a handful of German universities into global 
powerhouses. In addition, some faculty members outside the sci- 
ences still question whether they should be judged on their ability to 
obtain competitive funding. 

The Excellence Initiative, launched in 2005 by then-Chancellor 
Gerhard Schréder, was born of politicians’ and scientists’ fears that 
Germany’s research universities were falling behind in the global 
race to attract the best faculty members and students. Two years later, 
French President Nicolas Sarkozy began pushing through a set of 
measures with the same goal. After passing laws that gave univer- 
sity presidents more autonomy and greater control over their institu- 
tions, France established a program to select and support eight major 
research universities, eventually granting them public funds as the 
basis for building private endowments. 

Both initiatives assume that world-class research universities are 
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essential drivers of economic growth. And the initiatives follow the 
same game plan: Inject money into a small number of leading uni- 
versities and allow newly empowered administrators to spend it on 
developing the institutions’ strengths. 

But this drive runs counter to egalitarian traditions in both coun- 
tries. Although the quality of universities in each country varies, the 
gap isn’t as large as, say, between Harvard University and some U.S. 
state universities. Many European scientists are queasy at what they 
see as attempts to mimic the U.S. system. 

There are also institutional roadblocks to rewarding excellence. 
In Germany, the drive for reform comes primarily from the federal 
government, but control of higher education rests with the states, or 
Lander. In France, students and nonacademic staff members have a 
strong say in university governance. That democratic tradition runs 
counter to the notion of strong, strategic leadership. 

Germany’s universities have long featured a weak, 
ponderous central administration, combined with near- 
total autonomy for professors. That autonomy has led to 
much inbreeding, with faculty members giving junior 
staff positions to their own best students rather than out- 
siders, never mind foreigners. Much of the best German 
research is undertaken in adjacent but separately managed 
Max Planck institutes and Helmholtz centers. 

France’s university system is centrally funded from Paris. But the 
country’s best students customarily attend selective, research-free 
grandes écoles and bypass university altogether. 

The value of international rankings in assessing a nation’s scien- 
tific prowess is debatable. But there’s no denying their influence. This 
year, France had only three institutions in one such yardstick, known 
as the Shanghai Top 100, and Germany’s total was only one greater 
(see chart, p. 599). 

Superficial as this metric may be, it has led to much public soul- 
searching. “You can say what you like about the rankings,” muses 
Louis Vogel, head of the Paris-based Conference of University Presi- 
dents. “But there’s no question that a high ranking attracts people to 
a university.” 
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Despite their differences, the same questions are being asked 
of both efforts: Were they fair? Do they go far enough? Will they 
strengthen the university system as a whole? And, above all, will 
they endure? 

The German initiative is set to expire in 2017. But the current 
German government, led by Angela Merkel, remains firmly behind 
it until then. In France, the new Socialist government of Frangois 
Hollande is reviewing the entire program. And although the general 
thrust of the reforms seems safe, the government is under consider- 
able pressure to modify them. 


German teamwork 

Graduate education in Germany is well-respected around the world. 
But its traditional structure, based on a tight one-to-one relationship 
between the student and a professor, excludes the taught components 
and multiple academic inputs now commonplace internationally. 

In designing the Excellence Initiative, German officials were 
struck by the autonomy enjoyed by U.S. researchers once they won 
their own grants, recalls Reinhard Grunwald, then—secretary-general 
of the DFG, Germany’s main research agency. “We paid special atten- 
tion to American universities, because many of our scien- 
tists spent their formative years there,” he says. 

However, the aim of the initiative was not to “get 
even” with other countries in the rankings, Grunwald 
recalls. Rather, it was intended to help universities fos- 
ter greater innovation in Germany and across Europe. 
Reaching that goal required the intervention of the fed- 
eral government, Grunwald adds. “We knew the uni- 
versities were having a hard time because the Lander 
couldn’t come up with enough of a financial contribu- 
tion,” he says. 

The Excellence Initiative comprises three compo- 
nents: graduate schools, clusters of excellence, and 
future concepts. The first two were continuations of older 
DFG programs. The funding has been implemented in 
two rounds: The first injected €1.9 billion into the uni- 
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versities between 2006 and 2012, and an additional €2.7 billion will 
be spent between 2012 and 2017. 

The graduate school component of the Excellence Initiative has 
given grants of about €1 million a year to dozens of departments. 
Germany has about 100 Ph.D.-granting universities that this funding 
has been spread across (39 in the first round and 45 in the second) to 
support programs that will incorporate more teaching and have stu- 
dents mentored by several faculty members. The second component 
of the initiative awarded about €6.5 million annually to 80 “clusters” 
of research excellence—37 in the first round, 43 in the second. 

The most radical element of the Excellence Initiative, however, 
is the third component, called future concepts. The scramble for this 
money sparked an unprecedented rush among senior faculty mem- 
bers, university rectors, consultants, and outside organizations to 
develop strategic plans that would bolster their research strengths. 
Some plans identified particular disciplines for investment and 
development; Cologne’s, unusually, pledged to build a broad base of 
excellence across all fields of research. 

“People started to talk with one another across faculty,” 
says Stefan Hornbostel, director of the Institute for Research Infor- 


This is the third in a series of articles on global 
research universities. The first article (7 September, 
p. 1162) examined the importance of mobility by 
exploring the reasons for the increased flow of tal- 
ent to Hong Kong and Singapore. The second article 
(28 September, p. 1600) looked at cross-national col- 
laborations created through satellite laboratories, a 
relatively new phenomenon. This article focuses on 
Europe, where two of the continent's scientific power- 
houses have launched separate initiatives with the 
same goal: to strengthen research at a handful of elite 
universities without eroding the quality of the coun- 
try’s other academic institutions. 
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mation and Quality Assurance in Berlin. “Even those universities 
who weren’t successful had a ‘plan B’ of how to act without govern- 
ment money.” 

Particular emphasis was placed on forging stronger links with 
industry and with the Max Planck institutes and Helmholtz cen- 
ters. “We wanted the universities to be more alert to their roles, not 
just in research and teaching, but as agenda-setters for innovation,” 
Grunwald says. 

The process of selecting universities for future concepts funding 
was bound to be contentious, and the final approach struck a less elit- 
ist tone than did the original version. Nine institutions were funded 
in the first round, as opposed to the three initially suggested by the 
Schréder administration. In addition, after international peer review 
narrowed the field, the winners were selected not by the DFG but by 
Germany’s science council, the Wissenschaftsrat, whose membership 
includes representatives of the federal government and the Lander, as 
well as leading scientists. 

Christiane Gaehtgens, a former secretary-general of the German 
Rectors’ Conference, believes that the process has greatly strength- 
ened university leadership. But she worries about the middle-ranked 
institutions that failed to win awards: “We’re seeing stratification. 
We’re losing out in the middle, which is where many of our strengths 
used to lie.” 

Others think the reforms don’t go far enough, either in concen- 
trating resources or in updating the patchwork of governance laws 


Common purpose. Biologist Antoine Triller (/eft) is trying to “develop a community” of scientists in Paris; Ernst Winnacker 
(right) cautions that “a world-class standard” has yet to be attained at German universities. 


decreed by the Lander. “The Excellence Initiative did put money 
into the system—but it didn’t achieve true excellence,” says Ernst 
Winnacker, who stepped down as president of the DFG in 2006 
and now runs the Human Frontier Science Program in Strasbourg, 
France. “The extra money really did a lot of good, but a world-class 
standard has not been reached.” 

Winnacker had pushed for the government to select a single 
national winner in the future concepts competition. He would now 
like the Max Planck institutes to create a single, distributed gradu- 
ate university. Such an institution, he says, would “illustrate the high 
quality of the German research system.” 

Tim Stuchtey, an economist and director of the Brandenburg 
Institute for Society and Security in Potsdam, Germany, thinks that 
permanent change would require governance reform. North Rhine- 
Westphalia, of which Cologne is part, introduced reforms includ- 
ing greater autonomy and performance-related pay, but other Lander 
have not followed suit. 


When the initiative draws to a close in 2017, universities can 
expect no extra help from the Lander, which will shortly face severe 
new borrowing limits. But many predict that a constitutional amend- 
ment will pass after next year’s elections, allowing the federal gov- 
ernment to continue some form of block-grant support for the elite. 


Paris match 

The obstacles facing French university leaders are yet more daunting. 
After the governance laws were passed, Sarkozy introduced a set of 
measures as part of an economic stimulus package known as the Big 
Loan. A program called LABEX supports centers of excellence in spe- 
cific disciplines, while a second piece, EQUIPEX, pays for equipment. 

The largest component, Initiatives d’Excellence (IDEX), aims to 
build an elite club of research universities. So far, eight groups of insti- 
tutions have won IDEX awards. Most of the winners plan to merge 
fully, but others will form confederations and seek to be classed as sin- 
gle entities in the institutional rankings. 

Financing is generous but not guaranteed: Selected proposals have 
been initially funded for 4 years, to the tune of about €30 million each 
annually. Projects deemed successful could then receive permanent 
endowments of about €1 billion from the government. 

The headquarters of Paris Sciences et Lettres (PSL)—one of the 
first three IDEX projects selected in July 2011—1is inauspiciously 
located in a side street in the Latin Quarter. But its leader, Monique 
Canto-Sperber, compensates for her modest, half-complete surround- 
ings with a steely determina- 
tion to build something new 
and distinctive. 

“We’re developing an 
institution with all of the char- 
acteristics of a research uni- 
versity,’ Canto-Sperber says. 
The 16 institutions participat- 
ing in PSL will not be merged, 
but they plan to submit a sin- 
gle set of data to the rank- 
ings systems. “We believe in 
the benefits of having scien- 
tific inputs from autonomous 
components,” she says. 

The PSL project isn’t the 
first attempt to build stronger 
ties among several outstand- 
ing academic institutions in 
the Latin Quarter. But it is, by far, the most comprehensive effort. 
The goal is a confederacy of 2500 researchers, with a private endow- 
ment worth €1.24 billion. 

Antoine Triller, the director of the prestigious biology institute at & 
Ecole Normale Supérieure (ENS) in Paris, says he’s long immunized FA 
himself against the frustrations of working inside a system in which 
researchers from agencies such as CNRS and INSERM operate cheek- 
by-jowl with colleagues at universities and other institutes. “It’s not so 
easy, but we get used to it,” he says. “It’s like if you speak Chinese, you 
don’t go on complaining about how hard it is to speak Chinese.” 

As dean of research at PSL, Triller is hoping to streamline the 
existing potpourri of institutes. “We all have our own histories,” 
Triller wryly observes. “The idea is to respect each other and 
develop a community. Iam Dean of Research here. I didn’t want to 
be ‘research director’—I’m not going to direct anybody!” 

Scientists acknowledge that it will be a major feat to get 16 institu- 
tions, many of them with their own illustrious histories, to sing from 
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the same song sheet. “It will take 
time for us to think of ourselves 
as part of PSL,” says Patrick 
Tabeling, a prominent physicist 
at the Ecole Supérieure de Phy- 
sique et de Chimie Industrielles. 
He notes that the school has a 
long history and a superb recent 
record in establishing start-up 
companies: “We don’t want to 
homogenize, that’s for sure!” 

The new institution may not 
even make the type of leap in 
the Shanghai ranking that many 
had hoped for. Some have calcu- 
lated it would “only gain a few 
places” above the 73rd position 
now held by its highest-ranked 
component, ENS, Tabeling says: 
“That came as a surprise to me.” 

In its application last year, 
PSL said it “would appear within 
the first 20 academic institu- 
tions on a worldwide level.” 
Canto-Sperber says that predict- 
ing PSL’ place in the Shang- 
hai ranking has proven harder than expected. While speaking with 
Science, Canto-Sperber heard that Serge Haroche, a physicist at 
ENS and the College de France—both part of PSL—had won this 
year’s Nobel Prize in physics for his work in quantum mechanics. 
That honor will certainly help boost PSL’s Shanghai ranking, which 
gives weight to recent Nobels. 

Some full-blown mergers between established institutions with 
IDEX awards have already run into trouble. The Toulouse IDEX, 
for example, was approved in May. But it stalled after one of its 
partners, Université Paul Sabatier, elected as president mathema- 
tician Bertrand Monthubert. As former leader of the grassroots 
researchers’ group Sauvons La Recherche, he was an outspoken 
critic of the reforms. 

In common with most critics, Monthubert professes full sup- 
port for IDEX’s goals but disputes its means. He takes issue, for 
example, with the enhanced powers for university presidents, nar- 
rower franchises for their election (which removes the influence of 
students and junior staff members), and the focus on a small num- 
ber of winning institutions. Monthubert also opposes the idea of the 
state transferring an endowment to the IDEX institutions: “Public 
universities should be funded by the state,” he says. 

Even researchers who are generally sympathetic to Hollande fear 
what now lies ahead. “I’m not optimistic,” says Philippe Froguel, a 
geneticist at Imperial College London and the Pasteur Institute in 
Lille. “At least with Sarkozy, he tried to do something.” Froguel gives 
Sarkozy credit for promoting the idea “that universities should lead 
the system and that it should be based on excellence. That was some- 
thing people like me can endorse. Nothing has been achieved yet— 
but if the effort gets further support, it can still be a big success.” 

But some now fear that whatever gains have been made could be 
reversed. Jacques Crémer is research director of the Toulouse School 
of Economics (TSE), a cluster affiliated with the University of Tou- 
louse, which obtained its first backing under RTRA, a research net- 
work program launched under Sarkozy’s predecessor, Jacques Chirac. 
The money was used to start a private, €30 million endowment to help 
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support a growing, international 
school of 160 researchers and 
100 graduate students. 

“T think it would be a pity if 
the Toulouse IDEX didn’t go 
through—although more for 
the university than for TSE,” he 
says. “And, speaking personally, 
I think it would be catastrophic 
if we went backwards, in terms 
of autonomy for the universities. 
There are some elements in the 
French university system who 
would like to take us back to the 
1950s. I think that’s the wrong 
road to follow.” 

Along with the rest of Sar- 
kozy’s reforms, however, IDEX 
is now being subjected to a con- 
sultation exercise led by France’s 
new Socialist research minister, 
Genevieve Fioraso. The minis- 
try declined to comment for this 
article pending the outcome of 
the consultation, but interviews 
with a dozen senior university 
officials and observers suggest that the government is likely to retain 
some of the autonomy measures granted in the 2007 law and honor 
its short-term financial commitments to the universities. However, it’s 
anyone’s guess what will happen to the transfer of substantial endow- 
ments to the universities, a central tenet of IDEX. 

“We are proceeding exactly as we had planned,” Canto-Sperber 
says emphatically. ““There’s been no signal at all that we should change 
track.” Within weeks, PSL will issue its first call for internal research 
projects to be supported from IDEX funds. Canto-Sperber says PSL 
will also be holding discussions with rankings organizations on a joint 
entry next year for the combined institution. 


Germany (4) and France (3) 


Making it work 

As the former convener of the policy working group at the League 
of European Research Universities, which represents 21 elite insti- 
tutions, Geoffrey Boulton is quite familiar with the German reform 
effort. And he’s impressed with its impact thus far. 

“The Excellence Initiative has made German universities think 
more deeply about their strategic futures, and that’s a good thing,” 
says Boulton, a geologist at the University of Edinburgh in the United 
Kingdom who now heads the Science Policy Advisory Group at the 
Royal Society of London. Boulton also chairs the Academic Advi- 
sory Council at Heidelberg University, which won backing under all 
three components of the initiative. The selection process adminis- 
tered a “salutary shock” to prestigious German universities that lost 
out early on, he notes. 

The French initiative is more problematic, Boulton says: “For the 
last 10 or 15 years, French governments have been thrashing around, 
looking for the ‘magic bullet’ that will bring their universities up to 
what they regard as international standards.” 

He’s especially concerned about the sustainability of the new fed- 
erations backed by IDEX. “They look good on paper,” he says. “But 
the operational challenges of making them work will be really severe.” 

-COLIN MACILWAIN 
Colin Macilwain is a writer in Edinburgh, Scotland. 
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MARINE BIOLOGY 


Putting Rockfish Back 
Where They Belong 


New gadgets for releasing by-catch of critically overfished rockfish could help ease a 
regulatory bottleneck on the West Coast recreational groundfish fishery 


On an overcast September day, fishing in a 
small boat off the coast of San Diego, Cali- 
fornia, marine biologist John Hyde has just 
reeled in a 10-inch, bright-orange starry 
rockfish that looks like a creature in a horror 
show: Its eyes are freakishly inflated, popping 
out of their sockets, and glazed milky white 
from tiny air bubbles inside. Its pale stom- 
ach sticks out of its mouth. The fish is stiff, 
“Just like an inflated balloon,” says Hyde, a 
program leader at the National Oceanic and 
Atmospheric Administration’s (NOAA’s) 
Southwest Fisheries Science Center in San 
Diego. Hyde and Nicholas Wegner, a NOAA 
biologist and postdoc, have been studying 
a new technique that hook-and-line fishers 
can use to resuscitate unwanted by-catch of 
severely overfished rockfish stocks. 

Hyde’s fish is suffering from barotrauma. 
When rockfish (Sebastes) are hauled up from 
deep waters, the gas in their swim bladder 
swells with the pressure change, often trig- 
gering the dramatic symptoms and leaving 
the fish too buoyant to swim back down, 
explains Hyde, a lifelong angler. Fish- 
ers and biologists traditionally thought that 
these “floaters” were goners; they either 
succumbed or got picked off by seagulls. 
But Wegner grabs a small, black, cylindri- 
cal gadget with articulated, noninvasive jaws 
and locks them onto the rockfish’s lower lip. 


The device, called a SeaQualizer, is hooked 
onto a PVC pipe that the researchers lower 
into the water with a rope. The pressure- 
sensitive device is preset to pop open at about 
45 meters down, releasing the fish. It’s like 
giving a rockfish an ambulance ride home 
after an angler catches it. 

Over the last decade, a growing body of 
studies and dramatic underwater research 
videos has shown that barotrauma can 
largely be reversed. Bulging eyes and stom- 
achs go back into place, and many rockfish 
can swim away and survive, at least short 
term, if they are released back down to depth 
with so-called descender or recompression 
devices. On the boat, Wegner and 
Hyde demonstrate several gad- 


an inexpensive weighted, inverted 

barbless hook—and even an upside-down 
milk crate on a rope. As with CPR in people, 
timing is critical. “If you don’t get °em down 
quickly, they’ll die,” Hyde says. 

Although the science on recompression 
is in many ways still preliminary, interest 
in the work has reached the point where, at 
a 5 November meeting, the federal Pacific 
Fishery Management Council (PFMC) will 
begin considering proposals to give recre- 
ational fishers regulatory “credit” for releas- 
ing depleted rockfish species with descender 


a] View video of fish 
a= with barotrauma. 
gets, from the $55 SeaQualizer to  www.scim.ag/vid_6107 


devices. If such a move were eventually 
approved, the premise is that anglers not only 
would get to spend more time angling, but 
their voluntary use of recompression tackle 
could also potentially help restore some 
depleted fish stocks over time. 

Off the West Coast, seven species of rock- 
fish, including cowcod, yelloweye, canary, 
and bocaccio, were federally listed as over- 
fished about 10 years ago. These fish are 
long-lived and slow to reproduce (yellow- 
eye, for example, can live up to 120 years), 
and some of the species will likely take 
decades to recover under rebuilding plans 
managed by PFMC. To protect these and 
other groundfish stocks off the coasts of Cal- 
ifornia, Oregon, and Washington, in the early 
2000s the federal council and state agencies 
closed large ocean areas to bottom-fishing, 
restricted fishing depths, and reduced daily 
catch limits for anglers. New rules also man- 
dated that if hook-and-line fishers caught 
certain depleted species, they had to throw 
them back. Upset about the float- 
ers going to waste, some fishers 
began experimenting with resub- 
merging them. 

So did biologists, who started studying 
the issue. Barotrauma is caused by “gas 
breaking out of the swim bladder and going 
wherever it’s going to go” as tissues fail, 
says marine biologist Robert Hannah of 
the Oregon Department of Fish and Wild- 
life (ODFW) in Newport. The expanding 
gas can force air bubbles beneath the cor- 
neas and may tear blood vessels, lacer- 
ate the liver and other organs, and leak out 
through the skin or from under the gill flap. 
The extent of injuries is species-specific, 
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Bloated from barotrauma. With its eyes bulging 
and stomach protruding from its mouth, this bocac- 
cio rockfish shows injuries from barotrauma after 
being reeled in from 146-meter-deep waters. When 
NOAA researchers lowered the fish back to 42.5 min 
a camera-equipped cage, the fish recovered enough 
to swim away when the cage door opened. 


but the deeper the capture depth, the worse 
the damage can be. 

Studies have demonstrated that recom- 
pression can achieve high short-term sur- 
vival in several types of rockfish when taken 
from depths of up to 65 m, says marine biol- 
ogist Alena Pribyl, although how effectively 
the technique works in much deeper waters 
or in the long term is less certain. In a study 
published this spring in the Journal of Fish 
Diseases, Pribyl (then a Ph.D. student) and 
colleagues at Oregon State University, Cor- 
vallis, tracked 1-month survival in 30 black 
rockfish that underwent simulated catch- 
and-release in pressurized aquaria. “Most of 
them did just fine,” she says, with tissue and 
blood samples and a gene expression analy- 
sis revealing a surprising capacity for physi- 
ological recovery. Some fish, however, had 
nonfatal swim bladder ruptures that hadn’t 
healed after 30 days. 

Although few rockfish recompression 
studies have been done in the field, the latest 
results include a recently published study by 
Hannah’s team. After catching 287 rockfish 
from depths of up to 64 m and lowering them 
to the sea floor in modified plastic barrels, 
the biologists observed 2-day survival rates 
ranging from 100% in canary and yelloweye 
to 78% in blue rockfish. Hannah is now run- 
ning a similar field trial at depths up to about 
80 m and tracking 4-day survival. 

Other deepwater data have come in from 
Wegner and Hyde. Working with Pribyl, they 
recently finished a 4-month acoustic tagging 
study of 50 rockfish (including cowcod and 
bocaccio) that they reeled in from 80 m to 
180 m of depth off southern California and 
released with cages or SeaQualizers. Prelim- 
inary analysis of the tagging data indicates 
that about 93% of the animals survived after 
2 days, and 77% after 10 days. However, 
those numbers are based only on “the fish we 
heard from,” Wegner says. By day 10, 40% 
of the study subjects moved out of detection 
range; whether they swam off happily, died 
from barotrauma, or got eaten by a shark is 
unknown, which increases the uncertainty of 
the survival estimates, the scientists say. 

But a number of tagged fish were still alive 
at 4 months. And the data the researchers did 
gather indicated no signs of barotrauma- 
related deaths occurring beyond 6 days, 
Wegner says. “What we have is a good sense 
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that this technique works for a lot of the spe- 
cies that we care about,” Hyde says, but much 
more research is needed to better characterize 
the survival rates for the different species and 
capture depths. 

Among other unanswered questions, can 
rockfish recover from multiple captures, and 
would barotrauma injuries keep them from 
functioning or reproducing normally over 
a potentially long life span? “There’s a lot 
of work left to do,” says ODFW’s Hannah, 
who adds that the actual benefits of recom- 
pression in helping to rebuild the overfished 
stocks are hard to predict. 

Nonetheless, after learning that floaters 
may survive if released properly, recreational 
fishing groups such as the Sportfishing Asso- 
ciation of California and the Oregon Coali- 
tion for Educating Anglers have distributed 


thousands of descender devices. Avoiding 
depleted rockfish species is best whenever 
possible, but as a next-best practice, using 
recompression tackle “is the right thing to 
do,” says Dan Wolford, the science director 
of the Coastside Fishing Club, which repre- 
sents anglers in the San Francisco Bay Area. 
“We can make a difference saving one fish 
at a time.” Wolford, a retired aerospace engi- 
neer, is also chair of PFMC. 

In June, PFMC directed its scientific staff 
to develop possible methods for estimat- 
ing and incorporating the reduced mortality 
of rockfish released with descender devices 
into its catch accounting models—starting 
with cowcod and yelloweye. For most rock- 
fish species, current metrics count any fish 
caught from deeper than 55 m and released at 
the surface as dead, a 100% mortality rate. At 
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the council’s November meeting, its ground- 
fish management team will propose differ- 
ent options for applying lower mortality rates 
when fish are recompressed, based on the 
existing research data; where data are insuf- 
ficient, conservative buffers for uncertainty 
could be built into estimates. Although the 
committee wishes to encourage anglers’ good 
stewardship in using recompression tackle, it 
also wants “to make sure we aren’t jumping 
in too fast,” says team member Lynn Mattes, 
a fisheries manager at ODFW. PFMC’s scien- 
tific and statistical committee will give feed- 
back on the proposals, and the council will 
decide next year whether or how to proceed 
with adopting survival-rate credits. 

For anglers, Wolford says, such credits 
could mean having a longer fishing season 
targeting other, abundant groundfish spe- 


Recompressing rockfish. Anglers can clip a variety 
of descender devices to a fishing line to grip onto 
and release bloated rockfish by-catch underwater. 
Gadgets range from low-tech (left) to high-tech (the 
SeaQualizer, above). 


cies before getting shut down if they reach 
the federally allotted annual by-catch quotas 
on cowcod, yelloweye, canary, or other key 
depleted species. Down the road, he says, 
the use of descender devices could help in 
particular to rebuild yelloweye and canary— 
of which recreational fishers take a third or 
more of the overall catch allocations com- 
pared with commercial fishers—and might 
open the door for the council to consider 
reopening some areas now closed to fishing. 

It’s unknown, however, exactly how many 
recreational fishers currently use descender 
devices—Oregon and California have begun 
collecting usage data—or how effectively. 
Some gadgets take practice to handle well, 
and each has pros and cons. 

Still, even as they cite the need for further 
data, some scientists are cautiously support- 
ive of bringing descender devices into rock- 
fish management policy. As NOAA’s Hyde 
says of the techniques for recompressing 
rockfish, “there’s no question that it’s better 
than letting them die.” 

—-INGFEI CHEN 
Ingfei Chen is a writer in Santa Cruz, California. 
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Antarctic Treaty System Ready for a Challenge 


IN THEIR POLICY FORUM “CHALLENGES TO THE FUTURE CONSER- 
vation of the Antarctic” (13 July, p. 158), S. L. Chown et al. 
discuss concerns about the Antarctic Treaty System’s (ATS’s) 
ability to navigate future challenges. We believe ATS has dem- 
onstrated that it is both robust and adaptable. 

Chown et al. raise the issue of marine resource harvesting, 
biological prospecting, and potential mineral and hydrocarbon 
exploitation. The Commission for the Conservation of Antarc- 
tic Marine Living Resources (CCAMLR) regulates the harvest- 
ing of marine resources in the Southern Ocean, and it has argu- 
ably the most highly developed system for ecosystem-based 
management of any international agreement (/). Underpinning 
CCAMLR’s decision-making processes is the precautionary 
approach which, as it has evolved, has set very conservative 
catch limits on fish stocks and provided other mechanisms for 
reducing harvesting impacts. The Southern Ocean krill fishery is arguably the largest under- 
exploited fishery in the world. For many years, CCAMLR has been developing mechanisms in 
advance of projected escalation of interest in the fishery, including setting precautionary catch 
limits, establishing small-scale management areas, and invoking trigger points where, when a 
predesignated catch is exceeded, additional conservation measures will apply. 

In their discussion of the submissions of several Antarctic claimant states to the Commis- 
sion on the Limits of the Continental Shelf (CLCS), Chown et a/. have misconstrued both the 
actions of those Antarctic Treaty Parties and the effects of those actions. All Antarctic Treaty 
Parties are bound by the Antarctic mining ban (2). Submission of data to the CLCS in relation 
to Antarctic or other continental shelves has no bearing on that ban or a party’s obligation to 
uphold it. Mitigating unacceptable human impacts in Antarctica is a substantial focus for the 
Antarctic Treaty Consultative Parties, as Chown ef al. note. There is no evidence that human 
interest in Antarctica will outpace the capacity of the ATS to respond. 

The historically steady climb in Antarctic tourism numbers from the 1990s has been 
reversed since the 2008 financial crisis (3) and also since the International Maritime Orga- 
nization introduced a ban on the use and carriage of heavy and intermediate fuel into the 
Antarctic Treaty Area in 2011 (4). Tourism is subject to ongoing monitoring, oversight, 
and management, mainly through the International Association of Antarctica Tour Opera- 
tors (IAATO)—an organization mindful of the extraordinary responsibilities it carries for 
maintaining the integrity of the pristine Antarctic environment. Local impact is minimized 
by a system of site guidelines and rules 
about behavior ashore—the latter originally 
adopted by IAATO in its by-laws and later 
formalized by the ATS. 


United. Treaty nati 


Letters to the Editor 


Letters (~300 words) discuss material published 


EDUCATION FORUM | 


on flags fly over the South Pole. 


in Science in the past 3 months or matters of 
general interest. Letters are not acknowledged 


upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 


The Antarctic Treaty Consultative Par- 
ties have addressed past challenges firmly 
and overtly within the Antarctic Treaty’s twin 
pillars of peace and science (5). Reforms to 
the operation of the Antarctic Treaty Con- 
sultative Meeting, increased opportunities 
for engagement with relevant international 
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organizations, and the presence of nongov- 
ernmental organizations as observers to ATS 
meetings and as members of 
national delegations since 
the mid-1980s all work to 
strengthen the institutional 
resilience of the ATS. The 
number of parties acceding 
to instruments of the Ant- 
arctic Treaty System has 
steadily increased (includ- 
ing, notably, Malaysia and 
Pakistan in 2011). At the 
same time, the Antarctic 
Treaty Consultative Par- 
ties have increased engage- 
ment with relevant interna- 
tional organizations: among 
them, the UN Food and Agriculture Orga- 
nization regarding IUU fishing; the Inter- 
national Hydrographic Office in relation to 
charting Antarctic waters; and the Interna- 
tional Maritime Organization in the devel- 
opment of the Polar Shipping Code. We 
concur that the challenges facing the region 
defy complacency. The quickening pace of 
global change requires scientists and policy- 
makers to work together. With this as a fun- 
damental underpinning for future action, we 
believe the ATS is well placed to meet these 
challenges. 
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China's Wastewater 


Treatment Goals 


CHINA SUFFERS FROM SEVERE WATER POL- 
lution, primarily resulting from substantial 
discharge of wastewater. In 2011, China gen- 
erated 65.21 billion tons of wastewater (/), 
and the total amount is expected to continue 
growing as a result of rapid urbanization and 
industrialization, reaching 78.4 billion tons 
by 2015 based on an annual increase rate of 
4.7% (2). 

On 6 August, China issued the Twelfth 
Five-Year Plan of Energy Conservation 
and Emission Reduction (2011 to 2015), 
in which the importance of wastewater 
treatment is addressed (3). The plan sets a 
goal: By 2015, the municipal wastewater 
treatment rate (wastewater treated divided 
by wastewater generated) and wastewater 
recycle rate (wastewater recycled divided 
by wastewater treated) should reach 85 and 
15%, respectively. 

The 85% target will be difficult to meet if 
rural areas are taken into account. Currently, 
national statistics for wastewater treatment 
rate in China only include urban areas and 


industrial sectors. If the wastewater treatment 
conditions in rural areas, which make up 
more than 50% of total population in China, 
are factored in, the wastewater treatment rate 
[currently 82.3% (2)] would drop dramati- 
cally. Most villages (96%) do not have drain- 
age or wastewater treatment systems, and the 
remaining 4% treat wastewater with simple 
technologies such as septic tanks (4). 

Municipal wastewater reclamation is also 
in its infancy. The recycle rate in developed 
countries is 70 to 80% (5). In China, it was 
2.7% in 2007 (5) and less than 8.5% in 2010 
(6). This explains why the target set for 2015 
is only 15%, 

Even if the target could be successfully 
achieved in a 5-year time frame, wastewa- 
ter treatment in China would remain a chal- 
lenge. More stringent discharge standards 
are needed, particularly in developed areas in 
China. For municipal wastewater discharges, 
the national Discharge Standard of Pollutants 
for wastewater treatment plants (WWTPs) 
(GB 18918-2002) applies. According to this 
standard, the effluent total nitrogen and total 
phosphorus concentrations must not exceed 
15 and 0.5 mg/liter, respectively. WWTPs can 


meet these requirements, but doing so does 
not prevent the discharge of substantial nitro- 
gen and phosphotrus into nearby lakes and riv- 
ers, causing rampant eutrophication (7—9). 
ZHIWEI WANG 
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CORRECTIONS AND CLARIFICATIONS 


Letters: “Friends in fungi” by G. D. A. Werner and E. T. Kiers (21 September, p. 1452). The 
image of the rare ericoid mycorrhizal fungus was misleading. The Letter’s discussion applies 
more closely to arbuscular mycorrhizal fungi. The image has been replaced in the HTML and 
PDF versions online. The caption has been changed to “Arbuscular mycorrhizal fungi” and 
the credit has been changed to Jan Jansa. 


This Week in Science: “Modulating the clock” (31 August, p. 1017). The image with this 
description should have been placed with the description below: “Keeping DNA flexible.” 
The placement has been corrected in the HTML and PDF versions online. 


Perspectives: “Walking on solid ground” by B. F. Dickey (24 August, p. 924). In panel A of 
the figure, the path of the mucus (going up the trachea, making a turn, and going down 
the esophagus) should have been indicated in dark blue. The HTML and PDF versions online 
have been corrected. 


News Focus: “Stopping Alzheimer’s before it starts” by G. Miller (17 August, p. 790). 
Matthew Reiswig should have been referred to as Matt throughout the story. Also, in the 
family portrait caption, Matt and his brother were misidentified. Matt is the second adult 
from the left, and his brother Marty is in the red shirt just right of center. The HTML and PDF 
versions online have been corrected. 


Review: “Valorization of biomass: 
deriving more value from Waste” by 
C. 0. Tuck et al. (special section on 
Working with Waste, 10 August, p. 
695). In Fig. 3, the bracketed por- 
tion of the cyanophycin structure 
should have shown an amide, rather 
than an amine. The complete figure 
has been corrected in the HTML version online. The corrected structure is shown here. 


Cyanophycin 


Perspectives: “Recycling of the #5 polymer” by M. Xanthos (special section on Working 
with Waste, 10 August, p. 700). The figure credit was omitted. It should be the following: 
Photo collage by L. Blizard; Thinkstock; iStockphoto; Shutterstock; Wikimedia Commons. 
The credit is correct in the HTML version online. 


News Focus: “An evolutionary theory of dentistry” by A. Gibbons (25 May, p. 973). The 
article implied that both European countries and the United States added fluoride to their 
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drinking water in the 1970s. In fact, water in most European nations was not fluoridated. 
However, European improvements in public dental health from the 1970s to the present 
have matched or even exceeded those of the United States. Reasons include fluoridated 
toothpastes, which became widely available in the 1970s, and changing criteria for diag- 
nosing caries. See T. M. Marthaler, Caries Res. 38, 173 (2004). 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Multiyear Prediction of Monthly Mean 
Atlantic Meridional Overturning Circulation at 26.5°N” 


Gabriel A. Vecchi, Rym Msadek, Thomas L. Delworth, Keith W. Dixon, 
Eric Guilyardi, Ed Hawkins, Alicia R. Karspeck, Juliette Mignot, Jon 
Robson, Anthony Rosati, Rong Zhang 


Matei et al. (Reports, 6 January 2012, p. 76) claim to show skillful multiyear predictions of 
the Atlantic Meridional Overturning Circulation (AMOC). However, these claims are not jus- 
tified primarily because the predictions of AMOC transport do not outperform simple refer- 
ence forecasts based on climatological annual cycles. Accordingly, there is no justification 
for the “confident” prediction of a stable AMOC through 2014. 


Full text at http://dx.doi.org/10.1126/science.1222566 


Response to Comment on “Multiyear Prediction 
of Monthly Mean Atlantic Meridional Overturning 
Circulation at 26.5°N” 


Daniela Matei, Johanna Baehr, Johann H. Jungclaus, Helmuth Haak, 
Wolfgang A. Miiller, Jochem Marotzke 

Vecchi et al. question the skill of our initialized multiyear predictions of Atlantic Meridi- 
onal Overturning Circulation (AMOC), arguing that our predictions do not outperform their 
suggested climatological reference forecast—using a single measure of skill. We show that 


our initialized AMOC predictions do outperform the climatological reference forecast, using 
both measures of hindcast performance that were presented in our original paper. 


Full text at http://dx.doi.org/10.1126/science.1223200 
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Denuclearization’s Indirect 
Consequences 


THE FUKUSHIMA NUCLEAR DISASTER HAS 
led to a global review of nuclear power. 
Germany has declared a complete phasing 
out of its 17 nuclear reactors by 2022 (/); the 
Swiss government has voted not to replace 
their nuclear plants, which means they all 
have to be decommissioned by 2034 (2); 
and the French government has committed 
to reducing the share of nuclear power in its 
energy mix. 

Although we do not discount the appeal 
of a cleaner and nonnuclear world, we cau- 
tion that widespread, rapid denuclearization 
may well have unintended consequences, 
given that nuclear power accounts for 13.5% 
of global electricity production (3). The 
acute shortfall from a sudden, rapid denu- 
clearization of electricity production can 
only feasibly be compensated by increas- 
ing the burning of fossil fuels, resulting in 
much greater emissions of greenhouse gases 
and worsening the climate change problem. 
Given the current poor economic outlook in 


nuclear-powered economies such as Japan, 
the loss of nuclear expertise as an export 
industry and the added burden of further 
fossil fuel imports are likely to force these 
nations to abandon their emission targets. 
Developing emitter nations such as India 
and China will be even less likely to commit 
to extensive emission cuts. 

Further down the line, the heavier 
involvement of major manufacturing econ- 
omies, such as Japan and Germany, in 
the global oil and gas market could cre- 
ate increased market competition for these 
finite resources, which could in turn increase 
oil prices. Given that all nations pay about 
the same price for primary energy sources, 
the inflated electricity prices would hit the 
poorest nations the hardest. Reduction of 
affordable electricity access would exacer- 
bate numerous public health, education, and 
gender equality problems, making it harder 
to meet UN Millennium Development goals. 

Although there are calls to ramp up 
renewable energy production, it would be 
difficult to scale up existing technologies 
quickly enough to offset the deficit, given 
the substantial investment in required infra- 
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structure, which cannot be recovered if the 
electrical generation method is changed, 
and the inertia that pervades the energy sec- 
tor (4). 

Most of the problems associated with 
nuclear power can be resolved with newer, 
modified technologies, which could make 
it safer to use. Given the value of nuclear 
energy in combating climatic change in the 
short to medium term, let’s not be too hasty 
in phasing it out completely. 
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Comment on “Multiyear Prediction 
of Monthly Mean Atlantic Meridional 
Overturning Circulation at 26.5°N" 


Gabriel A. Vecchi,’* Rym Msadek,* Thomas L. Delworth,? Keith W. Dixon,* 
Eric Guilyardi,? Ed Hawkins,’ Alicia R. Karspeck,’ Juliette Mignot,” Jon Robson,? 


Anthony Rosati,* Rong Zhang* 


Matei et al. (Reports, 6 January 2012, p. 76) claim to show skillful multiyear predictions of the 
Atlantic Meridional Overturning Circulation (AMOC). However, these claims are not justified, 
primarily because the predictions of AMOC transport do not outperform simple reference forecasts 
based on climatological annual cycles. Accordingly, there is no justification for the “confident” 


prediction of a stable AMOC through 2014. 


Meridional Overturning Circulation and Heat- 
flux Array (RAPID-MOCHA) (2, 3). Matei et al. 
use data from RAPID-MOCHA to assess the abil- 
ity of a GCM (4) to predict the evolution of the 
AMOC strength after the GCM’s oceanic state is 
“spun up” with estimates of the observed momen- 
tum and heat fluxes between the atmosphere and 
ocean, in an attempt to capture the initial state of 
the climate system at a given time (these forecasts 
are referred to as “‘initialized”’). 

As a skill metric, Matei et al. use the corre- 
lation between the observed and predicted month- 
ly AMOC strength over a year and show this 
metric at different leads (1 to 4 years) from four 
starting dates (2004 through 2007). A critical 
element of their analysis is the inclusion of the 
annual cycle in both the observations and the 
predictions. This is crucial because over the time 
period 2004 to 2008, the observed and predicted 


atei et al. (1) claimed that an initial- 
ized global climate model (GCM) could 
produce skillful multiyear forecasts of 
the Atlantic Meridional Overturning Circulation 
(AMOC) strength at 26.5°N over the time pe- 
riod 2004 to 2008. We show that their statistical 
evaluation of forecast skill is not robust, result- 
ing largely from the limited forecast evaluation 


period and the use of inappropriate reference fore- 
casts. Due to these shortcomings, we argue that 
the claim in (7) of meaningful forecast skill as a 
basis for making future predictions of AMOC 
variability is unjustified. 

Since 2004, a unique and exciting observing 
system has been providing records of the strength 
of the AMOC at 26.5°N Rapid Climate Change- 
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Fig. 1. Skill of initial- 
ized forecasts of AMOC 


AMOC COR skill 


(initialized vs. Ref. 4 uninitialized climatology) 


AMOC COR skill 
(initialized vs. M12 1948-2000 uninitialized climatology) 
1 ; 


strength from (2) against 1 
two repeating climatolo- 
gies [figure adapted from 
figure 2 in (1)]. Black, vi- 
olet, blue, and yellow solid 
lines and symbols indicate 
the 12-month correlation 
of forecasts initialized in 
2004, 2005, 2006, and 
2007, respectively, over 
the first, second, third, and 
fourth year of the forecast. 
Circles connected by a 
dashed line indicate the ' 
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Atmospheric GCM (MPI- 1 
ECHAMS) model (4), with 

color coding consistent 

with the solid lines. The left panel shows results using the 1861 to 2000 
climatology from the historical radiative forcing (20c3m) MPI-ECHAM5 model 
run submitted to the Third Coupled Model Intercomparison Project (CMIP3) 
(13); the right panel is based on the 1948 to 2000 uninitialized MPI-ECHAM5 
(4) used in (1). The initialized forecast outperforms a repeating climatology if, for 
a given lead time, a symbol connected to a solid line has a higher correlation than 
the symbol connected to the dashed line of the same color. The 1860 to 2000 
climatology (left panel) outperforms the initialized forecasts except for 2004 at 
Lead 1 (first black symbol, which was a year with only 9 months of observations), 


2 3 
Lead time (yr) 


4 1 2 3 
Lead time (yr) 


2007 at Lead 3, and 2008 at Lead 4 (third and fourth violet symbols). Meanwhile, 
the 1948 to 2000 climatology (right panel) outperforms the initialized forecasts 
except for 2004 at Lead 1 (first black symbol), 2005 at Lead 1, 2007 at Lead 3, 
and 2008 at Lead 4 (first, third, and fourth violet symbols) and 2008 at Lead 3 
(third blue symbol). Horizontal black dashed line indicates the P = 0.1 confidence 
level on correlation (24). [The correlations of the uninitialized climatologies to 
observations shown in both panels were computed by the authors of (2) using data 
of (1, 4) and provided to us in the process of preparing this Comment; the 
correlations from the initialized experiments were taken from figure 2 of (2).] 
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AMOC is dominated by a strong annual cycle, 
which can inflate the apparent performance of the 
prediction system without any practical benefit. 
For example, a useful forecast of monthly mean 
temperatures in Europe does not consist of 
determining whether it will be warmer in August 
than February but whether it will be warmer or 
cooler than what we expect for a typical August. 

Therefore, our baseline knowledge of the cli- 
matological mean annual cycle must be taken 
into account in assessing the skill of the forecasts. 
A typical method for removing the artificial in- 
flation of skill from the annual cycle is to subtract 
a repeating climatology from observations and 
predictions or to work with quantities that have 
been averaged over a year or multiple years. Al- 
ternatively, should the mean annual cycle be 
retained, as was done in the Matei et a/. analysis, 
we argue that a proper metric of forecast perform- 
ance involves comparing the skill of the initialized 
forecasts against that from a simple repeating 
climatological annual cycle. 

Figure | [adapted from figure 2 of (7)] com- 
pares the skill of the Matei et al. initialized fore- 
casts of AMOC transport with the skill obtained 
from simply assuming a repeating climatological 
annual cycle. Two slightly different AMOC cli- 
matologies, both based on “uninitialized” GCM 
integrations (i.e., with initial conditions not con- 
strained by observations), were used for this base- 
line (or “null’”’) forecasting strategy: (i) an average 
over 1860 to 2000 from the GCM simulations of 
(4) and (ii) an average over 1948 to 2000 using 
the GCM of (/). For only 3 of 13 cases do the 
initialized forecasts have nominally larger corre- 
lation scores than the climatological null forecasts 
made using (4) (GCM climatology). Similarly, 
initialized forecasts outperform the Matei ef al. 
climatology in only 5 of the 13 cases. Thus, there 
is no evidence in (/) of skill from these initialized 
AMOC forecasts. 

We note that Matei et al. did show a compar- 
ison with uninitialized predictions from their 
model, but the comparison was against the av- 
erage correlation over the entire record (2004 to 
2008) rather than for each year individually as 
was done by Matei ef al. for the “initialized” fore- 


casts and in our Fig. 1 for both the initialized and 
climatological forecasts. In other words, Matei et al. 
presented an “apples-to-oranges” comparison of 
initialized and uninitialized predictions, whereas 
Fig. 1 puts them on an even footing. 

The skill of the AMOC forecasts in (/) is no 
better than that from a repeating annual cycle (Fig. 
1), and the skill assessment in (/) treats each year 
independently. That is, Matei et a/. did not present 
any evidence of year-to-year or multiyear predic- 
tive skill in AMOC transport or its stability. There- 
fore, their claim that “we confidently predict a 
stable AMOC at least until the end of 2014” is not 
justified and is further contradicted by the asser- 
tion that “we cannot at present distinguish between 
predictability of climatological and anomalous 
seasonality.” 

We are keen to stress that the absence of mean- 
ingful skill in AMOC predictions in Matei et al. 
should not be taken as evidence of an inherent 
lack of AMOC predictability or that predictive 
skill cannot be achieved in the future. Rather, 
our analysis highlights the difficulty in assessing 
skill from a short data set. Because of its sci- 
entific merit, its likely societal importance (5-7), 
and the growing model-based evidence that 
there may be predictability of AMOC variations 
(8-10), we believe that it is important to build 
our capability to understand and predict AMOC 
variations and associated climatic impacts. Es- 
sential to building this capability are sustained 
climate observations, particularly of the AMOC. 
Observations from the RAPID-MOCHA array 
(2, 3) have already identified key dynamical pro- 
cesses for the annual cycle of the AMOC (includ- 
ing some mechanisms suggested by Matei et al., 
which appear to successfully capture aspects of 
the annual cycle of the AMOC), and observations 
from the recent anomalous years will provide cru- 
cial information on processes controlling AMOC 
variability. 

Development of our understanding of AMOC, 
its potential climate impact, and our future ability 
to predict it depends on sustained observations, 
the assessment and enhancement of GCMs, and 
improved methodologies for initializing GCMs 
for AMOC predictions. Finally and crucially, to 
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ensure confidence in GCM predictions, a rigorous 
assessment of skill against reliable and mean- 
ingful null hypotheses is essential. 
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Wolfgang A. Miiller,* Jochem Marotzke* 


Vecchi et al. question the skill of our initialized multiyear predictions of Atlantic Meridional 
Overturning Circulation (AMOC), arguing that our predictions do not outperform their 
suggested climatological reference forecast—using a single measure of skill. We show that 

our initialized AMOC predictions do outperform the climatological reference forecast, using both 
measures of hindcast performance that were presented in our original paper. 


predictability of monthly mean strength of 

Atlantic Meridional Overturning Circulation 
(AMOC). We established the skill of our ini- 
tialized AMOC predictions not only from high 
anomaly correlation (COR) but also from a more 
realistic amplitude of AMOC variations quan- 
tified by root-mean-square (RMS) variability. We 
diagnosed the skill improvement from the ini- 
tialization by testing hindcast simulations against 
a persistence forecast based on observations 
(2, 3) and against a forecast with the uninitial- 
ized coupled model for the same forecast pe- 
riod (4). 

Vecchi et al. (5) now propose a reference 
forecast based on a repeated seasonal cycle of the 
uninitialized coupled model (CLIMREF hereafter) 
(6). Vecchi ef al. find that our initialized AMOC 
predictions outperform CLIMREF in only 5 of 13 
cases, using COR as the sole skill measure (their 
figure 1) (7). However, a high COR skill just 
indicates a substantial phase coherence between 
the observed and hindcasted AMOC variations. 

Here, we reply to Vecchi et al. by showing for 
CLIMREF both measures of hindcast perform- 
ance presented in (/). In (/), we analyzed, in ad- 
dition to COR, RMS variability. We used RMS 
variability, even though it is not strictly a skill 
score, because the original submission combined 
the correlation and RMS analysis by showing 
Taylor diagrams (8). In an attempt to simplify the 
presentation, we switched in the review process 
to a representation of COR and RMS analysis in 
separate plots [(/), figure 2 and fig. S2, respec- 
tively]. As already discussed in (/) concerning 


I: Matei et al. (/), we demonstrated multiyear 
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individual hindcasts and ensemble mean, there ap- 
pears to be a tension between obtaining high cor- 
relation skill and high enough RMS variability. 
Because correlation and RMS variability com- 
bine geometrically to RMS error (RMSE) with an 
overall bias removed (8), we now summarize the 
two measures of hindcast performance used in (/) 
to RMSE. Specifically, we compute the RMSE 


skill score (9) using CLIMREF as a reference 
forecast. With the RMSE skill score, our initial- 
ized AMOC predictions outperform CLIMREF 
in 8 of 13 cases (Fig. 1). With this demonstration 
that the model initialization leads to a substan- 
tial reduction in forecast error, we maintain that 
the conclusions about AMOC predictive skill as 
stated in (/) are justified. 

We also test CLIMREF against the updated 
observational record (Table 1), verifying the 
AMOC predictions that we made in (/). Using 
COR, our initialized AMOC predictions out- 
perform CLIMREF in 14 of 22 cases. Using the 
RMSE skill score, our initialized AMOC predic- 
tions outperform CLIMREF in 16 of 22 cases. 
Hence, with a larger sample size, our initialized 
AMOC predictions clearly outperform CLIMREF 
more often than not, using the RMSE skill score 
and even using COR as a sole measure of skill. 

In conclusion, we have shown that with a 
combination of correlation and root-mean-square 
skill measure, as in (/), our ocean initialization 
results in AMOC prediction skill enhancement 
over the alternative reference forecast proposed 
by Vecchi et al. Also, as we showed in (/), we do 
understand where the skill enhancement arises 
from: It is the initialization of the upper-ocean 
zonal density difference. Therefore, we maintain 
that the conclusions about AMOC predictive skill 
as stated in (/) are robust. 


Fig. 1. RMSE skill scores 


AMOC RMSE skill 


RMSE skill 


of AMOC with respect to 
the CLIMREF forecast. 
RMSE skill scores for the 
| ensemble mean hindcasts 
started in January 2004, 
+ January 2005, January 
2006, and January 2007 
7 are shown by black, violet, 
blue, and yellow filled 
symbols, respectively, 
connected by solid lines. 
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Table 1. Comparison of COR and RMSE skill scores of AMOC against CLIMREF for different lengths 
of the RAPID time series [4/2004 to 12/2008 as used in (2), and an extension until 12/2010]. 


Number of AMOC predictions 
from (1) outperforming 
CLIMREF, using RAPID 

(4/2004 to 12/2008) 


AMOC skill measure 


Number of AMOC predictions 
from (1) outperforming 
CLIMREF, using RAPID 

(4/2004 to 12/2010) 


COR skill 
RMSE skill score 


5 of 13 
8 of 13 


14 of 22 
16 of 22 
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MEDICAL GENETICS 


Healing Through Heredity 


Angela N. H. Creager 


edical genetics is often repre- 
sented as a baby boomer field, 
emerging only after the postwar 


decline of its pseudoscientific, unsavory pre- 
decessor, the eugenics movement. Nathan- 
iel Comfort dismantles this comfortable but 
misleading myth in The Science of Human 
Perfection, his beautifully written account 
of how genes became central to American 
medicine. The pedigree of medical genet- 
ics, he conclusively shows, 
leads right back to eugen- 
ics, defined by its proponent 
Charles Davenport as “the sci- 
ence of human improvement 
through better breeding.” In 
part, this was because eugen- 
ics has always been tightly 
linked to preventive medicine 
and public health. In illuminat- 
ing the neglected connections 
between eugenics and medi- 
cine during the first half of the 
20th century, Comfort (a historian of science 
at Johns Hopkins University) expands on 
existing scholarship—such as Daniel Kev- 
les’s widely read In The Name of Eugenics 
(/)—in important ways. 

Standard works on American eugenics 
revolve around the Eugenics Record Office 
(ERO) at Cold Spring Harbor, which Dav- 
enport founded and Harry H. Laughlin man- 
aged. The ERO was both a research site— 
collating hundreds of family pedigrees col- 
lected by its field workers to create the “Trait 
Book”—and a clearinghouse for popular 
publications and organizations advocating 
the control of human breeding. Comfort cov- 
ers these canonical developments but also 
casts a wider net, examining the contributions 
of economist Irving Fisher, who created the 
Race Betterment Foundation, and Raymond 
Pearl, a statistician who founded the Divi- 
sion of Medical Genetics at Johns Hopkins. 
From the outset, he argues, eugenics drew its 
energy from middle-class health reform and 
evangelical self-improvement, not only from 
racism or elitism. Those who were committed 
to eugenics were initially equally enthused 
about public health and euthenics (improve- 
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ment of the environment), although by the 
1920s improving human genetic stock began 
to predominate in considerations of what was 
then called race hygiene. 

The reckless overreach of Laughlin at the 
ERO, in conjunction with the chilling Nazi 
racial policies, discredited eugenics. How- 
ever, the search for hereditary determinants 
of human conditions continued unabated in 
the United States. Even negative eugenics 
did not disappear, but its tar- 
get became “health rather than 
sociality,” as Comfort puts it. 
The torch was initially passed 
to physicians who oversaw the 
founding of a handful of hered- 
ity clinics in the 1940s. Most 
trained geneticists had already 
turned to better experimental 
subjects: flies, maize, mice, 
and, increasingly, microbes. 
After 1947, the newly founded 
Atomic Energy Commission 
became the main patron of genetics, because 
its atomic weapons program and push for 
civilian nuclear power made the human 
costs of exposure to ionizing radiation an 
urgent issue. The postwar focus 


SOOK A 


ism and predisposition can be understood in 
terms of genes as the soil on which the seeds 
fell. After becoming the Galton Professor 
at University College London in 1965, bio- 
chemist Harry Harris brought the Garrodian 
and Galtonian strands together through his 
pioneering work on enzyme polymorphisms 
in human populations. In addition, in his 
1963 reissue of Garrod’s Inborn Errors of 
Metabolism (2), he pointed to DNA as the 
principal material of heredity (3). 

Comfort is an astute commentator on 
what James Watson and Francis Crick’s 
1953 paper meant—and what it didn’t— 
for medical research. To stake a claim on 
the centrality of the double helix did not 
answer the question of why and how genes 
cause disease, knowledge that often relied 
on laborious biochemistry and cell biol- 
ogy. Comfort discusses several well-known 
developments that reinforced the relevance 
of molecular genetics to medicine, though 
he only gestures to the explosion of research 
in the 1970s and 1980s that made use of 
techniques for somatic cell genetics, map- 
ping, and sequencing. In effect, only in the 
era of the Human Genome Project did Homo 
sapiens begin to catch up with other model 
organisms whose molecular genetics had 
been studied for decades. The genetic code 
was cracked with E. coli, not John Doe. 

Above all, Comfort is interested in the 
people who shaped medical genetics, their 
motivations and methods. He offers vivid 


on mutation clearly reflects 
the legacy of the involvement 
of this government agency in 
human genetics, as could still 
be seen in the sponsorship of 
the Human Genome Project by 
the Department of Energy. 
Comfort stresses the long- 
durée continuities that ani- 
mated medical genetics. Into 
the 1960s, researchers in 
human genetics continued to 
draw on two approaches that 
dated to the turn of the 20th 
century. One, the biometri- 
cal orientation, traced back to 
Francis Galton’s initial work 
on eugenics. This quantify- 
ing approach tended to posit, 
in analogy with the germ the- 
ory, hereditary causes of dis- 
ease, or genes as “seeds of dis- 
ease.” The other, derived from 
Archibald Garrod, stressed 
inborn errors of metabolism; 
its emphasis on constitutional- 
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biographical sketches of towering figures 
such as internist Victor McKusick (author 
of the catalog Mendelian Inheritance in 
Man) as well as lesser-known contributors 
such as blood-group geneticist Laurence 
Snyder. Comfort does not provide a com- 
prehensive history of human genetics; the 
role of key techniques and tools, particu- 
larly in the molecular era, likewise remains 
to be written. But the book covers much 
ground and accomplishes a great deal in a 
spare 246 pages of text. Given how radi- 
cally its author recasts the history of Amer- 
ican eugenics, The Science of Human Per- 
fection is a remarkably unpolemical work. 
Comfort does not seek to rehabilitate eugen- 
ics, but he does compel the reader to recog- 
nize that the American impulse to improve 
health through science was a key ingredient 
of eugenics and remains a driver of medical 
genetics today. 
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Benefits and Perils 
of Synthesis 
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Erwin Schrédinger recognized a predic- 

ament facing those who attempt a grand 
synthesis rather than remain on the safe 
ground of their narrow fields of specializa- 
tion: “I see no other escape from this dilemma 
(lest our true aim be lost forever) than that 
some of us should venture to embark ona syn- 
thesis of facts and theories, albeit with second 
hand and incomplete knowledge of some of 
them—and at the risk of making fools of our- 
selves” (/). As it turned out, Schrédinger was 
no fool (at least not with regard to his insights 
into the fundamental principles of science). 

In Cells to Civilizations, Enrico Coen, a 
plant developmental biologist at the John 
Innes Center and author of the acclaimed 
The Art of Genes (2), takes his inspiration 
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(albeit not explicitly) from Schrédinger. 
This attempt at a grand theoretical synthesis 
within biology explores the transformative 
powers and creative forces that have brought 
about the living world from the first cells to 
the latest developments in cultural and tech- 
nological evolution. 

Coen focuses on similarities (without 
ignoring the differences) among four major 
processes of life: evolution, 
development, learning, and 
culture. He argues that all 
four domains are governed 
by a set of seven fundamental 
principles. These generative 
mechanisms bring about novel 
solutions to life’s challenges 
and therefore account for the 
diversity and persistence we 
observe today and throughout the history of 
life. By formulating those principles on the 
basis of their functional roles rather than their 
historically contingent origins, he aims to 
develop a unifying theory of transformation 
or of phenotypic evolution in its most inclu- 
sive meaning. 

The first four principles reformulate the 
basic argument for evolution by means of 
natural selection. All systems that show pop- 
ulation variation, persistence (a more gen- 
eral formulation for heredity), reinforcement 
(capturing the cumulative effects of selec- 
tion), and competition will change through 
time and develop creative solutions to envi- 
ronmental challenges. The next three princi- 
ples can best be illustrated (more as a matter 
of convenience than intuition) in the context 
of development. Here we have cooperation 
(among parts at all levels and among levels), 
combinatorial richness (as a result of inter- 
actions among modular elements), and recur- 
rence. The third accounts for the cumulative 
effects of history, both within a system and in 
its complex interactions with multiple envi- 
ronments (for example, think niche construc- 
tion, canalization, and constraints). The bulk 
of the book offers an exposition of these prin- 
ciples as they apply to evolution, develop- 
ment, learning, and culture. 

Coen responds to a real and damaging 
lack of theory within the biological sciences, 
which are still largely dominated by empiri- 
cism in overdrive. With few accepted general 
principles, the life sciences have developed 
a large number of domain-specific general- 
izations and concepts. Complexity theory 
represents one recent unifying attempt, but 
its core abstractions are difficult to com- 
municate (3). What has been missing is a 
clearly formulated conceptual framework 
that lucidly communicates the deep unity of 
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life’s fundamental properties and processes. 

Throughout the book, to convey com- 
plex conceptual abstractions Coen illustrates 
his arguments with references to and dis- 
cussions of art. This is more than just peda- 
gogy—cultural transformations are, after all, 
squarely within the purview of his synthesis. 
Transformations in artistic expression—for 
example, those visible in the versions of the 
Portrait of Ambroise Vollard 
by Paul Cézanne (1899) and 
Pablo Picasso (1909)—can be 
understood as a case of cul- 
tural evolution governed by a 
domain-specific application 
of the seven processes. Coen 
thus proposes a fundamental 
isomorphism between art and 
nature, which places him in a 
lineage of thinkers that includes such biolo- 
gist-artists as Johann Wolfgang von Goethe 
and Ernst Haeckel. 

Does Coen succeed in providing a unified 
view of “life’s remarkable transformative 
powers’? Yes and no. It would be foolish to 
expect that one short book could contain all 
the answers, and incomplete knowledge of all 
the intricate details necessarily leads to some 
misguided assumptions and claims. Coen is 
clearly on solid ground in his discussions of 
development, but experts in any of the other 
three domains will inevitably find some of 
his interpretations or metaphors problem- 
atic. Still, this does not invalidate his daring 
attempt at synthesis. 

Focusing on the problem of inheritance 
and evolution from a physicist’s point of view, 
Schrédinger was able to see more clearly 
some fundamental theoretical aspects and 
formulate those more precisely than most 
biologists of his time (who were burdened by 
a plethora of often confusing details). Simi- 
larly, Coen attempts to highlight the under- 
lying unity and generality of processes that 
not only generate variation and novelty at all 
stages of life’s drama but also select among 
those creative solutions. His eloquently writ- 
ten book offers a programmatic synthesis 
and an empirically grounded proposal for a 
theory of biology. Will this be the last word? 
Most certainly not, but Cells to Civilizations 
will stimulate many productive discussions 
about the origins and development of life in 
all its complexities. 
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Obama and the Promotion 
of International Science 
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ix months after his 2009 inaugura- 
S: U.S. President Obama spoke at 
Cairo University in Egypt and called 
for a new beginning in relations between the 
United States and Muslim-majority coun- 
tries, defined by collaboration in science and 
technology (/). Innovation, according to the 
WNENS, 10 president, is the “cunency of the 
Np. 21st century” and the means 
fe) by which the United States 
™ and its partners would cre- 
= ate new jobs and tackle the 
2 global challenges of climate 
change, hunger, and dis- 
ease. The Cairo speech remains 
a seminal moment in President Obama’s 
broader initiative to ramp up U.S. cooperation 
in international science as a core component 
of his foreign policy agenda (2). 

On the eve of the next U.S. presiden- 
tial election, now is an opportune moment 
to evaluate whether the Obama Administra- 
tion’s record on promoting international sci- 
ence has fulfilled the promise of its early rhet- 
oric. This question will be considered through 
the lenses of diplomacy, international devel- 
opment, and the operational requirements for 
scientific exchange. For this analysis, we, like 
the president, refer to international scientific 
cooperation in its broadest sense, including 
not only research but also capacity-building 
and the application of technological innova- 
tions to achieve global goals. 


a, 
A 


Diplomacy and International Development 

Although U.S. science diplomacy dates back 
to the Cold War and détente, its use to pro- 
mote international scientific collaboration has 
expanded under the Obama Administration 
(3). The U.S. Department of State enlisted 
eminent U.S. scientists, including Nobelist 
Ahmed Zewail and Bruce Alberts, editor-in- 
chief of Science, to serve as envoys to engage 
and collaborate with their counterparts in 
Africa, Asia, and the Middle East. The White 
House established high-level joint commis- 
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Has the U.S. president's record on promoting 
international science fulfilled the promise of 
his early rhetoric? 


President Obama speaks at Cairo University. In his speech, he promoted international science coopera- 
tion to create new jobs, tackle global challenges, and provide a basis for a new beginning between the United 
States and Muslim-majority countries. 


sions on science and technology with Brazil, 
China, India, Japan, Russia, and South Korea. 
The U.S. Department of Energy launched a 
cofunded, $150 million United States—China 
Clean Energy Research Center to promote 
collaboration, protection of intellectual prop- 
erty, and advanced technology development. 
The Obama Administration founded net- 
works of foreign-born U.S. researchers, engi- 
neers, and entrepreneurs to encourage collab- 
oration and to promote the spread of scientific 
values, such as meritocracy and transparency, 
in their countries of origin (4). An expanded 
corps of Environment, Science and Technol- 
ogy, and Health officers at U.S. embassies 
supports these diplomatic initiatives. 

The integration of science and foreign 
policy objectives under the Obama Adminis- 
tration, however, has not been seamless. The 
Central Intelligence Agency’s use of a fake 
hepatitis B immunization campaign to iden- 
tify Osama bin Laden’s whereabouts sparked 
violence against World Health Organization 


workers and a ban on polio immunization in 
parts of Pakistan (5), threatening the same 
24-year, nearly $10 billion polio eradication 
campaign on which President Obama pro- 
posed in Cairo that the United States and Mus- 
lim-majority countries should collaborate. 
Obama Administration efforts to integrate 
science into its international development 
policies build on a long and distinguished his- 
tory that includes expanding access to HIV/ 
AIDS drugs, increasing global agriculture 
production through the Green Revolution, 
and reducing child mortality from cholera 
and diarrhea with oral rehydration therapy. 
Nonetheless, the current administration has 
distinguished itself in the degree to which 
it has promoted science and technology as 
the best means to achieve its development 
objectives (6). The U.S. Agency for Interna- 
tional Development (USAID) hired its first 
Science and Technology Adviser since the 
1980s, created the post of Chief Innovation 
Officer, and recruited dozens of scientists. In 
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2007, USAID had five Science and Technol- 
ogy Policy Fellows sponsored by the Ameri- 
can Association for the Advancement of Sci- 
ence; today, it has 54 fellows, including 11 
deployed overseas (7). USAID also instituted 
the Grand Challenges program, which lever- 
ages outside funding to support domestic and 
international research on U.S. development 
priorities, and the Development Innovation 
Ventures fund, which provides seed capi- 
tal to high-risk, high-return development- 
friendly technologies (8, 9). The U.S. Depart- 
ment of Agriculture (USDA) participates in 
the USAID-led Feed the Future initiative and 
sought to orient its funding priorities toward 
research that would yield compound benefits 
for U.S. agriculture and global food security 
(10). Although these programs involve mod- 
est funds, they are an important foundation 
for future work. 


Requirements for Scientific Exchange 

In comparison with its progress on scientific 
diplomacy and international development, 
the Obama Administration yet had only mod- 
est success in facilitating the collaborations 
that account for the majority of cooperation 
between U.S. scientists and their foreign 
counterparts. 

Most international science is self-organiz- 
ing (J/). Government-directed international 
research initiatives, such as ITER (formerly 
the International Thermonuclear Energy 
Reactor) and the Human Genome Project, are 
rare. Most U.S. government agencies, such 
as the National Science Foundation (NSF) 
and USDA, predominantly or exclusively 
fund U.S. researchers. Scientists pursue col- 
laborations, international or otherwise, to 
share costs and access the best minds, equip- 
ment, and data. Improved information com- 
munication technologies and cheaper travel 
have made these collaborations easier. More 
than a third of the research papers produced 
globally now have coauthors from multiple 
countries, twice the share in 1990 (/2). As 
emerging countries, such as China, dramati- 
cally increase their research and development 
(R&D) expenditures, international collabora- 
tions have become increasingly diverse geo- 
graphically (/3). 

It is too soon to know whether these self- 
organizing international scientific collabo- 
rations have increased during the Obama 
Administration. The U.S. National Institutes 
of Health (NIH), NSE, and other U.S. govern- 
ment agencies that fund scientific research 
do not systematically track the international 
collaborators of their domestic grantees. Co- 
authored publications are a lagging indicator 
of international scientific cooperation, com- 


ing months or, more often, years after the col- 
laboration formed. 

It is not too early, however, to assess U.S. 
government policies on ensuring the opera- 
tional requirements of international science: 
funding, quality data, and talent. 

Since 2009, U.S. government R&D bud- 
gets under the Obama Administration, have 
remained stagnant or have declined, in the 
case of National Aeronautics and Space 
Administration (NASA), amid high unem- 
ployment and a poisonous political envi- 
ronment in the U.S. Congress. Reduced or 
stagnant R&D funding, of course, limits the 
opportunities for U.S. researchers to engage 
in international collaboration. The budgets of 
the few U.S. government agencies that fund 
international researchers directly have like- 
wise flat-lined. For example, international 
research expenditures of the global-minded 
National Institute of Allergy and Infectious 
Diseases (NIAID) have remained roughly 
constant since 2008, after a fourfold increase 
over the prior decade (supplementary materi- 
als). USDA’s International Science and Edu- 
cation program, which provided grants to 
U.S. researchers to engage in international 
collaboration, has been defunded (/4). One 
exception is the USAID and NSF-supported 
Partnership for Enhanced Engagement in 
Research (PEER), which provides modest 
funding for non-U.S. researchers to work 
with U.S. counterparts on research on inter- 
national development issues (/5). Although 
small in scale, PEER represents an impor- 
tant departure from the Bush Administration, 
which did not, as a matter of policy, fund for- 
eign researchers as part of its international 
scientific cooperation initiatives (/6). 

In comparison with the billions of dollars 
devoted through the U.S. President’s Emer- 
gency Plan for AIDS Relief (PEPFAR) and 
the Feed the Future program to delivering 
treatment and sustenance to the world’s poor, 
the Obama Administration has underinvested 
in the research capacity, regulatory oversight, 
and training that would enable developing 
country researchers to produce quality data, 
collaborate, and address their own health 
and development needs. Such investments 
would facilitate existing U.S. global health 
and development initiatives and encourage 
future research in these countries (/7, 18). 
Modest seed funding would likewise help 
engage female scientists, underrepresented 
in international collaborations generally, in 
U.S. development initiatives on women and 
girls (19). The Medical Education Partner- 
ship Initiative, a new U.S. interagency pro- 
gram to support operational medical research 
and education in Africa, is a step in the right 
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direction (20). The NSF Global Research 
Council, an initiative to promote the quality 
and compatibility of international research, 
likewise deserves support (2/). 

Cumbersome immigration processes and 
visa shortages continue to hinder the face-to- 
face interactions that scientists need to con- 
nect and collaborate. The Obama Admin- 
istration streamlined the Mantis clearance 
process for U.S. visa applicants with expe- 
rience working with nuclear, chemical, and 
biological materials, but it remains a chal- 
lenge to U.S. conference attendees and orga- 
nizers (22). Although F-1 student visas have 
increased nearly 25% since 2009, the number 
of H-1B work visas available for scientists, 
programmers, and engineers has remained 
stuck at 65,000 since 2004 (23). Restrict- 
ing the ability of foreign-born scientists and 
engineers to travel to and work in the United 
States undermines continued U.S. scientific 
leadership. It also deprives the United States 
of its greatest ambassadors: the living testi- 
monials to the research and economic oppor- 
tunities that America provides. 


A Work in Progress 

Four years after being elected, the Obama 
Administration’s initiative on international 
scientific collaboration remains a work in 
progress. According to the Pew Global Atti- 
tudes Project, approval of the United States 
has declined in Muslim-majority countries 
since 2009, from 25 to 15%, with U.S. drone 
attacks and the unresolved Israeli-Palestin- 
ian conflict among the cited reasons (24). 
Meanwhile, admiration of U.S. scientific and 
technological prowess in these countries has 
remained high (24). Building on the interna- 
tional respect for American science to cre- 
ate good will toward U.S. policies is smart. 
Investing in the immigration reforms, inter- 
national research, and capacity-building that 
would help ensure that the best scientific 
minds come together to address the biggest 
global challenges is even smarter. Both are 
laudable goals for a future administration. 
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Optimizing Investments in Malaria 
Treatment and Diagnosis 
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he Roll Back Malaria (RBM) Part- 
nership has set an ambitious target 
of achieving near zero deaths from 
malaria by 2015 (/). Scale-up of insecti- 
cide-treated nets, indoor residual spray- 
ing of insecticide, and increased access to 
treatment with artemisinin-based combina- 
tion therapies (ACTs) over the past decade 
have led to reductions in malaria incidence 
of more than 50% in 43 countries, includ- 
ing 8 in Africa (2). However, as an estimated 
655,000 malaria deaths still occurred in 2010 
(2), with the great majority in sub-Saharan 
Africa, substantial challenges remain. 
Prominent among these challenges is the 
fact that the private sector is an important 
source of treatment for suspected malaria in 
many countries, but drugs available there are 
primarily composed of affordable, yet often 
ineffective, monotherapies (3, 4). ACTs, 
the recommended first-line treatment for 
malaria (5), are often prohibitively expen- 
sive outside of the public sector (6), and 
drug quality is often poor (7). Beginning in 
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2009, the Affordable Medicines Facility for 
Malaria (AMF), a “factory-gate” subsidy 
for ACTs, represented one prominent effort 
to increase access to effective drugs even 
in the private sector. The first phase of that 
program ends this year, and initial evalua- 
tion suggests that it was largely successful 
in increasing availability and affordability of 
ACTs in most, although not all, participat- 
ing countries, particularly in the private sec- 
tor (8). Regardless of whether the AMFm ini- 
tiative continues, the RBM Partnership will 
confront critical questions about the future 
of overall diagnosis and treatment strategies, 
especially regarding how to engage with the 
private sector. 

These decisions will be made in the con- 
text of a rapidly evolving epidemiologi- 
cal and financial landscape. Malaria bur- 
den varies greatly from country to country, 
which leads to goals of elimination in Zan- 
zibar (9) and Swaziland (/0), even as inci- 
dence rates have remained consistently high 
in parts of West and Central Africa (//). 
Resistance to artemisinin-based drugs has 
been detected in Southeast Asia (12, 13). 
Availability of the artemisinin monothera- 
pies that may promote resistance in Africa 
has been found to range widely, from vir- 
tually absent in Madagascar to nearly half 
of drug shops sampled in Nigeria (3). Tar- 


Better targeting of antimalarials to people 
who need them will maximize the impact 
of interventions in the private sector. 


geting resources properly and maximizing 
their effectiveness has been rendered even 
more crucial by the fact that international 
donations for malaria control declined in 
2012 for the first time in a decade (/4). 

Improved diagnosis has led to steep 
declines in reported malaria incidence and 
presumptive treatment in regions of Senegal 
(15) and Tanzania (16), where malaria makes 
up only a small fraction of febrile disease 
(15). However, there are still many places 
where febrile illness is assumed to be syn- 
onymous with malaria (/7). Because many 
private-sector outlets are drug shops that sell 
medications without confirmatory diagnosis, 
it is likely that a substantial fraction of anti- 
malarials obtained through the private sec- 
tor are taken for nonmalarial illnesses, which 
limits their impact. 


Analysis of Private-Sector Antimalarial 
Demand 

Increased focus on private-sector antimalar- 
ial markets through the work of groups like 
ACTwatch (/8) and evaluation activities sur- 
rounding the AMFm (8) have begun to pro- 
vide data that we have used to better under- 
stand the volume of antimalarials distributed 
through the private sector, the importance of 
the private sector in treating febrile disease, 
and the number of malaria infections reached 
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Private-sector patients receive antimalarials for malaria or fever. Distribution of sub-Saharan African countries by the 
fraction of antimalarial recipients estimated to be positive for P. falciparum (x axis), the relative importance of the private 
sector for febrile treatment (y axis), and the overall size of the private-sector antimalarial market (bubble size). Dotted lines 


represent median values. Values for each country are given in the SM, table $3. 


by these drugs. Full details of data collection 
and analysis can be found in the supplemen- 
tary materials (SM). In summary, data on 
reported febrile illness in children younger 
than 5 years and the fraction of those receiv- 
ing antimalarial drugs from the private sector 
were assembled from all population-repre- 
sentative household surveys conducted since 
2000 in malaria-endemic countries in sub- 
Saharan Africa for which individual survey 
responses were available (n = 96). The com- 
bined data set included records on 680,964 
children from 43 countries for whom reports 
of fever status were recorded; all but two of 
these surveys did not include fever or treat- 
ment-seeking behaviors for ages older than 
5. All surveys used multistage cluster ran- 
domized sampling from subnational admin- 
istrative divisions, allowing fever prevalence 
to be recorded separately at a regional level. 
Repeated-measures regression models (/9) 
were fitted to adjust survey responses for 
timing of the survey during the year and to 
account for variation over surveyed years 
by extrapolating trends to 2013. Literature 
reviews were conducted to facilitate extrapo- 
lations of fever incidence (fig. S2) and treat- 
ment-seeking behavior (fig. S3) to those 25 
years old, based on surveys recording these 
measures for both age groups. 


Rates for both age groups were applied to 
a high-resolution map of populations across 
Africa (20) in order to estimate the number 
of individuals receiving an antimalarial drug 
for fever annually from the private sector in 
each administrative unit as the product of the 
population, the annual fever rate, the frac- 
tion receiving antimalarials for fever, and the 
fraction of antimalarials reportedly received 
in the private sector. 

The expected number of antimalari- 
als received by individuals infected and not 
infected with malaria was then estimated by 
multiplying the antimalarial demand in each 
age group by the prevalence of Plasmodium 
falciparum malaria (PfPR) in febrile individ- 
uals in that age group for each administra- 
tive unit. Malaria prevalence in fevers was 
estimated from a P/PR map in the general 
population in 2010 (2/) adjusted accord- 
ing to an empirical relation between popu- 
lation and febrile prevalence derived from 
household survey data (22). This multiplica- 
tion assumed that the decision to seek treat- 
ment in the private sector is independent of 
true malaria infection status, an assumption 
corroborated by nearly identical positivity 
rates in those seeking treatment for fever in 
the public and private sectors in Tanzania 
(23). The inverse of the malaria prevalence 


Burkina Faso 
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in febrile private-sector treatment 
seekers represented the fraction 
of antimalarials taken by individ- 
uals with nonmalarial fevers. To 
capture the uncertainty surround- 
ing these estimates and derive an 
interquartile range (IQR), values 
were drawn from distributions 
for each input variable through 
10,000 Monte Carlo repetitions 
and combined into a distribution 
of outcomes. Details on assump- 
tions and conversions are provided 
in SM (tables S1 to S3 and figs. S1 
to S3). 
The median estimated demand 
for private-sector antimalarial 
drugs for fever in 2013 was 153 
million (M) for children <5 years 
old (IQR = 140M to 167M) and 
502M for 25s (IQR= 426M to 
585M) for a total of 655M (IQR= 
571M to 746M). More than 90% 
“ of the variation in this total was 

caused by uncertainty in the rela- 
tive probability of a 25-year-old 
receiving an antimalarial com- 
pared with a <5-year-old. Over- 
all, a median of 33.81% of anti- 
malarial drugs (IQR = 29.69 to 
37.94%) were estimated to be 
intended for P falciparum—positive individ- 
uals. Positivity was higher among <5-year- 
old antimalarial recipients (49.83%, IQR = 
43.80 to 55.84%) than 25-year-old recipi- 
ents (28.83%, IQR = 25.34 to 32.36%). An 
estimated 437M private-sector antimalarials 
(IQR = 384M to 491M) went to individuals 
not infected with malaria. 

Although considerable uncertainty sur- 
rounds these estimates, the magnitude of 
this market is striking and has important 
implications for how the malaria commu- 
nity must tackle private-sector case manage- 
ment. It accompanies a substantial public- 
sector market that saw sales of ACTs alone 
numbering 181 million in 2011 (2). Given 
that ACTs are estimated to be about 20% of 
antimalarials received by febrile children in 
the public sector in such large markets as 
Nigeria and the Democratic Republic of 
the Congo (3), it is plausible that the total 
annual demand for antimalarials in Africa 
may be well over one billion treatments. The 
size of the antimalarial market in the private 
sector alone dwarfs the number of actual 
incident malaria cases that occur, estimated 
to be 174M (range 113M to 239M) in Africa 
in 2010 (2), which indicated substantial 
overtreatment of febrile disease as malaria. 
The analysis conducted here confirms that 
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the majority of private-sector antimalar- 
ial drugs are currently received by P falci- 
parum-—negative patients, although this esti- 
mate is based on malaria prevalence in 2010 
and is likely to change over time as malaria 
prevalence declines and treatment-seeking 
behaviors evolve (details of this calcula- 
tion are provided in SM). This overtreat- 
ment means both that most febrile patients 
are not being treated for the true cause of 
their illness and that limited global funding 
and drug supplies could be better targeted to 
individuals who truly need them. 

These averages mask substantial hetero- 
geneities (Fig. 1). Of the consumers esti- 
mated to have bought an antimalarial med- 
icine in the private sector, the fraction who 
were likely infected with malaria varied 
widely, from <1% in Djibouti and Swaziland 
to 56% in Burkina Faso. In eight countries, 
more than half of all antimalarials were esti- 
mated to be received in the private sector. 
Considerable heterogeneity existed within 
countries as well as across countries (SM 
and fig. S4). 


Conclusions 
Ultimately, all individuals with fever should 
receive appropriate treatment following 
accurate diagnosis according to World Health 
Organization (WHO) guidelines. Achieving 
this aim in the African private sector, how- 
ever, will require a diagnostic test for the 
estimated 655M febrile individuals who pur- 
chase treatment there; only about 50 million 
rapid diagnostic tests were delivered globally 
in 2010 (2). Resources available for rolling 
out diagnostic tests and distributing ACTs 
in the private sector are likely to remain 
insufficient to reach the significant demand 
estimated here in the short term (24). Until 
resources are sufficient to properly diagnose 
and effectively treat all patients, it will be 
necessary to prioritize attempts to improve 
the availability of diagnostic tests and effec- 
tive malaria drugs so that they will have the 
greatest impact on morbidity and mortality. 
Interventions like private-sector ACT 
subsidies that can improve access to effec- 
tive drugs will have the greatest probabil- 
ity of each treatment curing a malaria infec- 
tion even in the absence of strong diagno- 
sis if implemented in those countries on 
the right of the figure (Fig. 1), where esti- 
mated malaria prevalence in fevers is high- 
est. Given the relatively lesser importance 
of the private sector for febrile treatment in 
countries in the bottom quadrants, private- 
sector interventions may be considered a 
lower priority in these areas. ACT subsidies 
are likely to be most cost-effective if imple- 


mented in countries in the upper-right quad- 
rant. Although this quadrant includes only 
13 out of 39 countries, they tend to have 
some of the highest demand for antimalari- 
als in the private sector, together account- 
ing for 70% of all estimated volumes (461 
million annually). Improved accessibility 
of diagnostic tests in these countries has 
the greatest potential to prevent the unnec- 
essary antimalarial treatments, but priori- 
tizing deployment to the private sector of 
countries in the upper-left quadrant, where 
the highest proportions of antimalarials 
are currently taken unnecessarily, has the 
potential to be the most cost-effective use 
of resources available for diagnosis. Intra- 
national heterogeneity indicates that some 
countries may benefit from prioritization at 
a subnational level. 

These metrics are dynamic. Investment 
and policy decisions will need to be updated 
accordingly. The private-sector axis may be 
adjusted over time as new population-rep- 
resentative surveys reveal changes in treat- 
ment-seeking behavior and fever incidence, 
and the increasing frequency of population 
prevalence surveys (2/) should permit reg- 
ular updating of malaria maps. In addition, 
our consideration of the private sector in gen- 
eral could not detect variations in how inter- 
ventions might affect more informal outlets 
versus private health-care facilities. Patterns 
of ACT overtreatment may differ from those 
estimated here for antimalarials in general if 
taken more frequently by certain age groups 
or in certain sectors. 

Our analysis shows that, across sub- 
Saharan Africa, about one-quarter of private- 
sector antimalarials are obtained for children 
under the age of 5 years, but these children 
are much more likely to be infected with 
malaria than the general population. Malaria 
deaths in children under 5 also account for 
~90% of all deaths from the disease (2). 
These numbers suggest that substantial 
opportunities exist to improve the value for 
money of malaria case-management inter- 
ventions by prioritizing resources not only 
by geography but also age. 

As long as resources remain insuffi- 
cient to fully implement universal diag- 
nosis and treatment, the short-term goal 
should be to target investments in private- 
sector diagnosis to places where overtreat- 
ment is high, while ensuring that affordable 
ACTs are used instead of the current, sub- 
optimal treatments, even in the absence of 
diagnosis, in places where overtreatment 
is low. In the longer term, three transfor- 
mations are needed across most countries. 
First, diagnosis rather than presumptive 


treatment should be the first response for 
fever management. Second, only effective 
combination treatments should be widely 
available in both the public and private sec- 
tors. Third, everyone should have access to 
quality and affordable care and treatment. 
Until those transformations occur, country- 
tailored interventions supported by opti- 
mally distributed global funding could have 
a tremendous impact in further accelerating 
progress against malaria. 
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From Financing to Fevers: Lessons 
of an Antimalarial Subsidy Program 


Ramanan Laxminarayan,' Kenneth Arrow,” Dean Jamison,’ Barry R. Bloom’* 


(WHO) recommended that countries use 

artemisinin-based combination thera- 
pies (ACTs) to treat malaria patients (/), as 
continued use of artemisinin monotherapies 
and substandard drugs had the potential to 
lead to widespread resistance to artemis- 
inin, the most effective drug for malaria. But 
ACTs were unaffordable for most people 
in malaria-endemic countries, particularly 
in the private for-profit sector where most 
people seek treatment. Artemisinin mono- 
therapies and the threat of resistance remain 
a problem. Resistance has now emerged in 
Cambodia and is spreading to Myanmar and 
Vietnam (2). Despite WHO’s efforts, mono- 
therapies are produced by 37 pharmaceuti- 
cal companies and marketed in 29 countries 
(3). Although resistance to artemisinin had 
not been detected at the time of the Insti- 
tute of Medicine (IOM) report in 2004 (4), 
an IOM committee proposed a global sub- 
sidy high in the distribution chain, both to 
make ACTs inexpensive and to displace 
artemisinin monotherapy and other ineffec- 
tive drugs. 

After 5 years of planning by many orga- 
nizations under the Roll Back Malaria Part- 
nership to design the financing 
mechanism, the Affordable Medi- 
cines Facility for malaria (AMFm) 
phase | was launched in 2010 
under the auspices of the Global 
Fund to Fight AIDS, Tuberculosis, 
and Malaria. AMFm’s four goals 
were to make quality-assured ACTs (i) avail- 
able in both the public and private sectors, 
(ii) affordable through price negotiations 
with the producers and a subsidy, (iii) used 
in malaria-endemic countries, and (iv) able 
to crowd out monotherapy. The pilot study 
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POLICYFORUM 


Better approaches to affordable drugs, 
diagnostic tests, and patient-centered 
treatment are needed in Africa. 


~~ 


A drug shop in Kenya selling ACT for malaria. The green leaf logo on the package indicates that the drugs 


are AMFm quality-assured. 


has been going on in urban and rural popu- 
lations in seven countries in Africa (Ghana; 
Kenya; Madagascar; Niger; Nigeria; and 
Tanzania, including Zanzibar and Uganda) 
(5). AMFm has become a powerful mar- 
ket force in the antimalarials sector (6, 7). 
Over the past 2 years, price reductions for 
ACTs ranged from U.S.$1.28 
to $4.82 per dose, at a subsidy 
cost to donors of roughly $1 per 
dose in the five countries where 
the program was substantially 
implemented. Although having 
improved health outcomes is the 
eventual goal, it was not feasible as a bench- 
mark that could be evaluated in the 2-year 
duration of the pilots (8). In remote areas of 
Ghana and Kenya, measurements showed a 
reduced gap between rural and urban areas 
in availability of quality-assured ACTs. 
However, the program’s future is uncer- 
tain, and in November 2012, the Board of 
the Global Fund will vote either to continue 
AMFm in a modified form or to terminate 
the program. In either case, future actions 
should be informed by the following lessons 
from phase 1. 

The more countries involved, the lower 
the drug prices and risk of leakage to other 
countries. Although AMFm subsidies 
ensure that ACTs are affordable, retail prices 
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are lowered largely through negotiations 
with manufacturers: Wholesale prices have 
dropped by up to 80%, from between $2 and 
$5 to roughly $1 (6, 7). Even without a sub- 
sidy, providing first-line buyers with access 
to the negotiated price reductions could 
lower the retail price of ACTs substantially 
and make ACTs affordable in many coun- 
tries. Negotiating with all wholesalers in 
malaria-endemic countries would retain the 
advantages of using existing channels (pub- 
lic, private, and nongovernmental organiza- 
tions) to deliver quality-assured ACTs and 
to discourage monotherapies. With assured 
artemisinin supply, an expanded AMFm 
could lower price differentials across bor- 
ders and thus discourage arbitrage (taking 
advantage of a price difference between 
markets) and leakage. The expansion would 
cost donors nothing beyond the small cost 
of supporting interventions and improving 
awareness about quality ACTs. 

There should be a transition to reduce 
subsidies over time. The subsidy, although 
secondary to negotiated wholesale prices, 
is necessary in the AMFm pilot countries 
and in other countries with high malaria 
burden and low purchasing capacity for a 
few more years. However, sustainability is 
a key concern for donors who do not want 
to be locked into a long-term commitment 
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on financing ACTs. Even subsidizing drugs 
only for children may be infeasible, given 
that adults will likely purchase these drugs 
and receive an incorrect dose. However, the 
level of needed subsidy should fall with time 
as ACT prices decline as a result of techno- 
logical improvement, greater demand for 
products from AMFm, and economies-of- 
scale increase. More resources would then 
be available for introducing antigen-based 
malaria rapid diagnostic tests (mRDTs), the 
subject of our next recommendation. 

Rapid diagnostic tests for malaria are 
needed in the private sector. Because many 
fevers in malaria-endemic countries are not 
caused by malaria (9), WHO, in 2010, rec- 
ommended a move from presumptive treat- 
ment of fever with antimalarials for children 
under 5 years of age to universal parasito- 
logical diagnosis (where feasible) before 
treatment. Surveys done in 2010, during the 
course of the AMFm pilot program, indi- 
cated that availability of mRDTs was gen- 
erally low, under 10% of all outlets in all 
countries except Zanzibar, where availabil- 
ity was 36%. In most countries, low avail- 
ability reflected the situation in private for- 
profit outlets (under 5% in all countries). In 
public health facilities, availability ranged 
from a low in Uganda (4%) to the highest in 
Madagascar (88%). 

Presumptive treatment with antimalarials 
wastes precious treatment resources, poten- 
tially increases selection pressure for emer- 
gence of resistance, and delays access to the 
appropriate treatment for the actual cause 
of febrile illness (10). Significant improve- 
ments in quality and reductions in cost of 
mRDTs have been achieved over the past 
few years—they are expected to cost about 
half as much as malaria treatment. How- 
ever, there is little private sector demand 
for mRDTs; they were routinely available 
in private shops and clinics only in Kenya, 
Uganda, and Zanzibar (6, 7). Public-sector 
clinics in pilot countries were more likely to 
perform malaria diagnostics; nonetheless, 
public-sector availability of diagnostic tests 
ranged from a low of 29% in Nigeria to a 
high of 98% in Zanzibar. 

The challenge raised by the diagnos- 
tic tests is what to do for a child with a 
high fever and an anxious mother when an 
mRDT reveals no evidence of malaria. The 
need of health providers to do something 
in this circumstance explains the common 
provision of antimalarials for febrile illness, 
regardless of its cause. In the public sector, 
a significant proportion of patients who test 
negative for malaria receive an antimalarial 
(/1), ranging from 12% in Zanzibar to more 


than 80% in Burkina Faso. Clearly, patients 
who test negative for malaria need appropri- 
ate treatments that may include antipyretics 
or antibiotics (12). Development of rapid 
tests and other diagnostic tools for non- 
malaria fevers (including pneumonias) is a 
major research opportunity. Even without 
them, however, community health workers, 
with some training, can distinguish severe 
pneumonia in children and effectively treat 
it with antibiotics (/3). 

It is possible to design pricing strategies 
that assure the private providers that they 
will not lose money by having an mRDT 
that can prevent a customer from buying an 
antimalarial, as well as benefit patients who 
do not inappropriately purchase ACTs that 
will be ineffective. Strategies will need to 
incorporate the likelihood that mRDTs will 
not be uniformly cost-effective in all set- 
tings, for example, in locations with either 
high or very low malaria prevalence (/0). 
It will be necessary to provide some train- 
ing of shopkeepers and community health 
workers (although there are regulatory 
issues in some countries as to who can take 
a blood drop). 

A broader febrile illness agenda is crucial. 
We believe it is time to expand our approach 
to fever case management from disease- 
focused treatment to patient-centered treat- 
ment. Respiratory disease (principally severe 
pneumonia) is the largest cause of death of 
children in developing countries. Health sys- 
tems could more effectively manage both 
malaria and pneumonia by addressing the 
more general problem of febrile illness, rather 
than proceeding from a specific etiology or 
funding source. This is not entirely new, of 
course: Fever management via an action- 
oriented classification system and case- 
management process is a core component of 
the Integrated Management of Childhood IIl- 
ness (IMCI) strategy, which, since 1992, has 
been implemented in more than 75 countries 
(14). This broader “febrile illness” framing 
is not reflected in the way malaria treatment 
has been financed, particularly in sub-Saha- 
ran Africa. Moreover, there is little financing 
for treatment of pneumonias or other non- 
malaria causes of fevers in the private sector, 
where treatment is most frequently sought. 

The United Nation’s Every Woman Every 
Child program (/5) provides a broader 
framework for thinking about the children 
who are at risk. The new UN Commission 
on Life-Saving Commodities for Women 
and Children recently recommended bulk 
buying, local manufacturing, and innova- 
tive marketing to help transform the supply, 
demand, and use of quality life-saving prod- 


ucts including amoxicillin (/6). The prelimi- 
nary successes of ACTs and RDTs suggest 
that they could be considered for inclusion 
in this framework as well. 


Conclusion 

Termination of AMFm will create instabil- 
ity in artemisinin production, will reduce 
access to affordable ACTs, and will be seen 
as abandonment—both by the many people 
who depend on AMFm and by ACT produc- 
ers. It will cause the kind of reaction that 
will detract from efforts to reduce deaths 
from malaria, to engage the private sec- 
tor in providing community-based health 
care in poor countries, and to build cred- 
ible health diplomacy. In the short term, we 
would recommend expanding ACT access 
to negotiated manufacturer prices to private- 
sector wholesalers in more malaria-endemic 
countries and allocating financial resources 
to support both ACTs and rapid diagnostic 
tests. The longer-term direction is support- 
ing a broader, patient-centered approach to 
treatment of febrile illness. 
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Implications of Scarcity 


Alix Peterson Zwane 


re the very poor really different? 

Modern development economics 

has struggled to answer this ques- 
tion, which turns F. Scott Fitzgerald’s indict- 
ment of the rich on its head. Yet, the effects 
that poverty has on people’s behavior have 
far-reaching implications. What price to 
charge for health and education? What speci- 
fications to include in research and develop- 
ment goals for new products? What infor- 
mation to include in public education cam- 
paigns? Answers to all these questions 
depend on whether we believe that the poor 
are “efficient” optimizers and arrive at first- 
best outcomes given their circumstances (/); 
optimizers who often achieve second-best 
outcomes as a result of missing markets; or 
not fully rational in the spirit of (2-4). On 
page 682 of this issue, Shah ef al. (5) bring 
evidence of a distinct claim about what it is 
that makes the poor different. 

The authors present data from labora- 
tory experiments showing that people with 
smaller endowments of both time and “tries” 
perform worse in simple games: They bor- 
row too much and spend inefficient amounts 
of time making decisions. This experimental 
evidence is consistent with the claim that scar- 
city, a broader concept than economic pov- 
erty, engages the mind, and that this engage- 
ment causes neglect along other dimensions, 
leading to substandard outcomes. The exam- 
ples given by the authors are easily accessi- 
ble to readers of this journal: Worrying about 
paying for groceries can make it hard to 
plan accurately to have money to make rent; 
stressing out over a looming work deadline 
can have the knock-on effect of poor planning 
for routine tasks. 

Shah et al.’s results about the implications 
of scarcity for decision-making are not con- 
fined to people who face absolute poverty: the 
1.3 billion people who live on less than $1.25 
per day, or the 2.5 billion who live on less than 
$2 per day (see the figure) (6). For this popu- 
lation, however, there is a growing body of 
empirical evidence about decision-making 
that can be reconsidered through the lens of 
scarcity as a determinant of decision quality. 

Take, for example, the observation that 
among the absolute poor, valuation—or what 
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The concept of scarcity helps to understand and 
aid decision-making, particularly in the case of 
very poor people. 


Decision-making under scarcity. Many people in developing countries, for example, in rural parts of Mali, 
live in absolute poverty. Shah et al. show that conditions of scarcity affect the ability to make decisions, help- 
ing to explain why poor people appear to make irrational decisions. 


economists call willingness to pay—is low 
for basic preventive health products such as 
deworming medication (7), vaccination (8), 
insecticide-treated bed nets (9), and clean 
water (/0). In the case of clean water, a series 
of experiments in Kenya and in other settings 
suggests not only that valuation is low and 
very sensitive to small changes in price but 
also that price is a more important determi- 
nant of adoption than nonprice determinants 
such as information about contamination or 
marketing and persuasion efforts (//). 

This result may indeed reflect the prefer- 
ences of poor but rational people. In light of 
Shah et al.’s work, however, another possible 
explanation emerges. If the absolute poor per- 
ceive their economic poverty as more salient 
than their information poverty, decision-mak- 
ing when positive prices are involved may 
invoke the engagement and cognitive load 
that Shah et al. describe, to the detriment of 
decision-making that fully uses information 
provided through other signals; people may 
not know that they do not know the relation- 
ship between water and diarrhea, or diarrhea 
and child morbidity. 

Kremer and Miguel (/2) report that many 
people living in Western Kenya, a region 
where the average income is close to $1 per 
day and where intestinal worms are common, 
do not correctly understand the relationships 
between infection and nutritional status. The 


low willingness to pay for deworming may at 
least in part result from the salience of eco- 
nomic scarcity and lack of salience of infor- 
mation scarcity. 

Such a phenomenon would suggest that, 
just as Shah ef al. propose to urge people to 
save for specific life events, we should inform 
people about common misconceptions so 
that they can balance or manage scarcity 
across domains. Dupas (/3) provides some 
recent evidence on the value of this spe- 
cific sort of evidence to improving decision- 
making: Informing teenage Kenyan girls 
about the relationship between HIV status 
and age in their country, which is not gener- 
ally common knowledge, helps them make 
choices that reduce pregnancy rates and their 
own chances of infection. 

Shah e¢ al.’s results can also help deepen 
our understanding of the growing body of 
evidence that small changes in prices around 
zero can have large effects on behavior (/4). 
We can interpret this set of results in a tradi- 
tional framework, but, as with the low valua- 
tion of a range of preventive health products, 
this would imply that people have a low will- 
ingness to pay for child health and well-being. 
Shah eral.’s insights suggest that removing the 
information that draws cognitive engagement 
because of scarcity (that is, the price) enables 
better-quality decision-making: indeed, 
decision-making that more closely reflects 
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true preferences, including those for child 
health. This is an important area for further 
exploration because it implies that seem- 
ingly paternalistic policies, or expenditures 
that change outcomes relative to what would 
be chosen independently, may help people 
to arrive at outcomes that they would them- 
selves choose in the absence of scarcity. 
Banerjee and Duflo (/5) have recently 
made the case for improving well-being by 
reducing the number of decisions that people 
have to make. They argue that in the United 
States, people do not have to decide whether 
to chlorinate their drinking water—it comes 
that way; similarly, many employers enroll 
people into retirement plans by default, less- 
ening the need to actively make a choice to 
save. In developing countries, on these topics 


as well as others, people must make choices, 
decisions, and trade-offs. The evidence from 
Shah ef al. provides another argument for 
why having so many choices can result in bad 
outcomes; scarcity makes quality decision- 
making difficult. Under such circumstances, 
defaults and guide rails, such as default 
option retirement plans, make quality deci- 
sion-making easier and can have big payoffs 
for well-being. 
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EVOLUTION 


Getting to the Root of Aging 


Annette Baudisch'? and James W. Vaupel*** 


s people live longer, the question 

arises of how malleable aging is 

and whether it can be slowed or 
postponed. The classic evolutionary theo- 
ries of aging (/—4) provide the theoretical 
framework that has guided aging research 
for 60 years. Are the theories consistent 
with recent evidence? 

At the heart of the theories lies the obser- 
vation that the old count less than the young: 
Unfavorable traits are weeded out by evo- 
lution more slowly at higher ages (2); traits 
that are beneficial early in life are selected 
for despite late life costs (3); and resources 
are used to enhance reproduction at younger 
ages instead of maintaining the body at ages 
that do not matter much for evolution (/). The 
decline in the force of selection with age is 
viewed as the fundamental cause of aging 
(4). It is why, starting at reproductive matu- 
rity, senescence—increases in susceptibility 
to death and decreases in fertility—should be 
inevitable in all multicellular species capable 
of repeated breeding (4). Yet, this is not the 
case. Increasing, constant, and decreasing 
mortality (and fertility) patterns (see the fig- 
ure) are three generic variants that compose 
the rich diversity of life trajectories observed 
in nature. For vertebrates, reproductive tra- 
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Adulthood 


Maturity 


Aging patterns. The illustration is a schematic view of how species 
age in radically different ways. The life courses of humans and of 
many mammals and birds, at least at the oldest ages, are gener- 
ally marked by rising mortality. For the tortoise Gopherus agassizii 
(17) and many other reptiles, amphibians, fish, and plants, mortal- 
ity decreases throughout adult life. For the freshwater polyp Hydra 
vulgaris (18) and various other species across the tree of life, daily 


survival is more or less constant with age. 


jectories are commonly hump-shaped, and 
death rates may start rising much later than 
reproductive maturity (5). Thus, a new view 
on the fundamental causes of aging is needed 
to explain the clash of theory and data. 
Allocation theory, which seeks to explain 
how resource limitations determine life-his- 
tory patterns, provides a possible, promising 
perspective (6). Nature strikes compromises 
in allocating limited resources to growth ver- 


Oldest age 


Why do patterns of aging differ widely across 
the tree of life? 


sus maintenance versus repro- 
duction versus escaping preda- 
tors and pathogens. The scar- 
city of resources available for 
competing needs requires that 
an organism “makes difficult 
choices” at every moment of life. 
For instance, more energy dedi- 
cated to growth at one moment 
may reduce reproductive output 
but improve chances of survival 
to the next breeding opportunity, 
when conditions might be bet- 
ter and reproductive potential 
(because of growth) higher (6). 
Current theory of aging acknowl- 
edges the necessity of such 
compromises (7) but neglects 
their fundamental importance. 
Because the declining force of 
selection with age dominates 
evolutionary thinking about 
aging, classic theory focuses on 
life-history choices that specifi- 
cally confer early-life advantages at the cost 
of late-life losses. 

By widening horizons to consider not only 
early- versus late-life compromises but all 
the difficult choices an organism must make 
in allocating limited resources to competing 
needs over its life span, it is possible to gain 
insights into the diverse demographic patterns 
observed in nature (6, 8, 9). Even the effects 
of purely deleterious mutations that act only 


2 NOVEMBER 2012 VOL 338 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: Y. HAMMOND/SCIENCE 


Downloaded from www.sciencemag.org on November 3, 2012 


at older ages can be accounted for by appro- 
priate allocation models (/0). In such models, 
the force of selection declines with age, but 
though important, this decline is not decisive 
in molding fertility and mortality patterns. 

What is decisive is the “option set” of a 
species, which can be summarized by the fea- 
sible combinations of survival and reproduc- 
tion at all ages over the life span. Option sets 
differ widely: For some species, extra invest- 
ment in repair and maintenance substantially 
reduces fertility; for other species there is 
little impact; for yet other species enhanced 
repair and maintenance decrease current but 
increase future fecundity. The details of such 
option sets shape age patterns of growth, fer- 
tility, and mortality (8, 7/). 

Little is known about what types of con- 
straints favor a pattern of aging with increas- 
ing mortality and decreasing fertility (senes- 
cent) versus alternative patterns with con- 
stant or declining mortality and constant or 
increasing fertility (nonsenescent). Life-his- 
tory models suggest that the marginal costs 
and benefits of energy allocation play a cen- 
tral role (8, //). To test this and to explore 
other hypotheses, it would be informative to 
compare plants, for which growth and repro- 
duction flexibly adapt to environmental con- 
ditions (/2), to animals, for which growth 
and reproduction are more rigid and distinct 
(8). In contrast to vertebrates, plants capable 


of vegetative reproduction can create off- 
spring by splitting off body parts. Thereby an 
investment in growth effectively becomes an 
investment in reproduction. Species that are 
small but long-lived (such as hydra in the lab- 
oratory), that can reproduce either sexually 
or asexually (such as daphnia), or that face 
highly uncertain environments [such as des- 
ert plants (/2)] may also be good candidates 
for studies of how allocation options shape 
patterns of aging. 

Research on the evolution of aging should 
focus on unraveling those differences in spe- 
cies’ option sets that lead to senescent versus 
nonsenescent aging patterns. A major bar- 
rier in accomplishing this has been the lack 
of laboratory, zoo, and field evidence about 
age patterns of growth, maintenance, fertil- 
ity, and mortality for species across the tree 
of life. New statistical methods and soft- 
ware now permit the extraction of mortal- 
ity patterns from field data that are sporadic 
or are missing observations (/3). Further 
development of life-history models hinges 
on more extensive and reliable data as well 
as on experiments to reveal how much allo- 
cation of additional resources to, say, faster 
growth or a more effective immune system 
affects lifetime fertility and survival. Funda- 
mental understanding of why humans dete- 
riorate so sharply (/4) compared with other 
species, why human mortality has fallen so 
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dramatically (/5), and whether aging can be 
further delayed or even slowed (/6) depends 
on knowledge of why some species senesce 
and others do not. 
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EVOLUTION 


How Cichlids Diversify 


M. Emilia Santos and Walter Salzburger 


ow is genetic variation connected 

to morphological evolution? How 

did Earth’s spectacular organismal 
diversity evolve and how is it maintained? 
To answer these fundamental questions, sci- 
entists must understand how organisms func- 
tion and diversify and how they interact with 
other organisms and the environment. Recent 
studies of cichlids, including (/—7), are 
beginning to provide insights into the basis 
of diversification in this exceptionally diverse 
fish family. 

Many widely used biological model sys- 
tems only provide limited insights into organ- 
ismal diversification. Traditional laboratory- 
based model organisms tell us little about how 
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organisms survive, adapt, behave, and repro- 
duce in the wild. Model organisms used in 
evolutionary and ecological research, on the 
other hand, are often difficult to breed, their 
genomes are poorly characterized, and few 
genetic and developmental tools are available 
to study them. Furthermore, most established 
model systems are not very diverse taxonom- 
ically and phenotypically. Notable exceptions 
are instances of adaptive radiation, that is, the 
rapid origination of a multitude of phenotypi- 
cally diverse species from a common ances- 
tor through adaptation to distinct ecological 
niches (8, 9). Famous examples of adaptive 
radiations include Darwin’s finches on the 
Galapagos archipelago, silversword plants on 
Hawaii, anole lizards on islands of the Carib- 
bean, and cichlid fishes in East Africa. 

In the case of cichlids, hundreds of 
endemic species evolved independently in 


The extreme diversity of cichlid fishes 
in East Africa helps to elucidate how 
and why organisms diversify. 


each of the three East African Great Lakes: 
Victoria, Malawi, and Tanganyika. Cichlids 
thus form by far the most species-rich extant 
adaptive radiations. They split up into distinct 
species in such little time that their DNA is 
still almost identical, a situation comparable 
to an experimental mutagenesis screen, yet in 
a natural environment (/0). 

Analyses of draft genome and tran- 
scriptome sequences have demonstrated 
the potential provided by such data (/, 2, 5, 
7, 11). Loh et al. (1), for example, investi- 
gated microRNA genes, which are important 
agents for the regulation of gene expression, 
and detected signatures of divergent natural 
selection in microRNA target sites among 
Lake Malawi cichlids. A comparative tran- 
scriptome analysis revealed little divergence 
at protein-coding sequences but high diver- 
sity in untranslated regions that are impor- 
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tant for gene regulation (2). These studies 
suggest that regulatory evolution plays a key 
role in cichlid diversification. 

Draft genome sequences have also facili- 
tated developmental studies and the quest for 
genes underlying adaptive morphological 
traits (1/). Because of their close relatedness 
and amenability to aquarium life, it is possi- 
ble to cross cichlid species with distinct phe- 
notypes in the laboratory to then genetically 
map key evolutionary traits (12, 73). It has 
now become possible to directly and causally 
link molecules to phenotypes through pheno- 
typic engineering. Fujimura and Kocher (/4) 
created transgenic tilapia that express green 
fluorescent protein under the control 
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of a Xenopus promoter. This method 
allows the function of genes in cich- 
lids to be studied directly. 

A wealth of information, span- 
ning decades of research (/5, /6), 
is available on the evolution, ecol- 
ogy, morphology, and behavior for 
many cichlid species and communi- 
ties. These diverse data open up vari- 
ous possibilities to examine the rela- 
tive importance of natural and sexual selec- 
tion, contingency, and determinism to cichlid 
evolution and to observe the evolution of fit- 
ness-relevant traits as well as their underlying 
genes in action. 

For example, Seehausen et al. (17) and 
Miyagi et al. (3) have examined the role of 
visual pigments in the recent divergence of 
Lake Victoria cichlids. The heterogeneous 
light conditions in this lake led to diversify- 
ing selection on opsin genes as a function 
of water depth. The divergence in opsins, in 
turn, affects sexual selection, because differ- 
ences in color perception influence the female 
preference for male coloration (/7). Here, the 
interplay between natural and sexual selec- 
tion resulted in speciation in the absence of 
geographic barriers through selection on a 
sensory system (“‘sensory drive”). 

In other cases, natural and sexual selec- 
tion act in opposite directions. An orange- 
blotch coloration is common among females 
of Lake Malawi cichlids and provides cam- 
ouflage over boulders. Blotched males, on 
the other hand, seem to have a selective 
disadvantage because they do not possess 
the nuptial coloration that attracts females. 
Roberts et al. have recently shown (/2) how 
this conflict between natural selection (the 
orange blotch pattern provides camouflage) 
and sexual selection (orange blotch males 
are less likely to reproduce) is resolved. 
A new female sex-determining gene has 
evolved in linkage with the pax7 gene that 
makes the orange blotch coloration. This 


Rhamphochre 


linkage leads to low recombination; there- 
fore, mostly females have this coloration. 

Perhaps the most important feature of 
cichlid adaptive radiations, at least in the 
context of speciation, is that they come in 
replicates, because lakes Malawi, Victoria, 
and Tanganyika each have their own cichlid 
assemblage (see the figure). “Nature’s grand 
experiment in evolution” (/6) therefore pro- 
vides an opportunity for comparing patterns 
and processes of diversification—especially 
because both very species-rich (radiating) 
and species-poor (nonradiating) groups of 
cichlids exist. 

Ina recent analysis focusing on 46 African 
lakes (4), Wagner et al. concluded that cich- 
lids are more prone to radiate if they are sex- 
ually dichromatic (with males and females 
showing different pigmentation patterns), 
live in deeper and older lakes, and occupy 
regions with more solar energy input. The 
combination of environmental conditions 
and sexual dichromatism does not explain all 
cichlid radiations; for example, there are no 
differences in coloration between males and 
females in the ~100 species of lamprologines 
in Lake Tanganyika. Nevertheless, Wagner et 
al. demonstrate that patterns of diversifica- 
tion can at least partially be predicted. 

The main outcome of “evolution in rep- 
licates” is a high abundance of convergent 
phenotypes, which are perfectly suited to 
elucidate the molecular mechanisms and/ 
or developmental constraints involved in 
parallel evolution. Colombo et al. (5), for 


CichlidX. Adaptive radiations of cichlid fishes in East African lakes Tanganyika, Malawi, 
and Victoria have produced independent sets of hundreds of endemic species. This 
diversity opens up a wealth of possibilities to examine interactions at all levels of bio- 
logical organization, from genotype to phenotype to environment. 


example, identified striking similarities in 
the genetics underlying the thick-lipped 
phenotype found in East African and Cen- 
tral American cichlid radiations, which are 
separated by almost 100 million years of 
independent evolution. That phenotypic par- 
allelism is not restricted to morphology in 
cichlids is, for example, highlighted by the 
repeated transition of parental care strate- 
gies in the Ectodini, a group of mouthbrood- 
ing cichlids from Lake Tanganyika (6), illus- 
trating once more the broad scope of traits 
and topics that can be tackled with the cich- 
lid model system. 

The release of five cichlid genomes pro- 
vides further opportunity for the molecular 
characterization of diversification. The five 
sequenced species encompass the phyloge- 
netic and geographic diversity of East Afri- 
can cichlids (/8). These genomes will serve 
as important resources, anchoring points, and 
templates for comparative genomic studies. 

Sequencing of many more genomes, 
from many more species, will help to deter- 
mine the contribution of mutation, selection, 
drift, and migration to diversification. This 
endeavor would also allow the detection of 
regulatory and coding polymorphisms that 
segregate in natural populations, which in 
turn would facilitate the linking of geno- 
types to phenotypes. East African cichlid 
fishes thus offer the possibility to dissect the 
interplay of thousands of genes from many 
genomes, found in many cells, forming tis- 
sues in many individuals, in many popula- 
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tions, encompassing hundreds of species that 
occupy various ecological niches across rep- 
licate adaptive radiations. 

To keep up with these advances on the 
molecular and genomic aspects of cichlid 
diversification, it will be important to increase 
the efforts at the organismal and life-history 
level by surveying ecology, morphology, and 
behavior. This integration would make cich- 
lids a role model not only for adaptive radia- 
tion and explosive speciation but also for the 
survey of interactions at all levels of biologi- 
cal organization. 
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PHYSICS 


Quantum Procrastination 


Seth Lloyd 


o you have a decision you have to 

make but you just can’t bring your- 

self to do it? As the irrevocable 
moment approaches, you squirm more and 
more, but something inside you says, “Not 
now, not yet.” Then when it’s already almost 
too late, in a burst of energy and shame, you 
come through—or not. Afterward, you are 
irrationally resentful, as if someone other 
than yourself is responsible for disturbing 
your peace of mind. You vow that the next 
time a decision arises, you will make it expe- 
ditiously. If you are a severe procrastinator 
like me (at least when it came to starting 
this article), have hope—quantum mechan- 
ics is coming to your rescue. On pages 637 
and 634 of this issue, experiments by Kai- 
ser et al. (1) and Peruzzo et al. (2) show that 
in the presence of quantum entanglement 
(in which outcomes of measurements are 
tied together), it is possible to hold off mak- 
ing a decision, even if events seem to have 
already made one. Quantum procrastination 
(“proquastination”’) allows you to put off for 
tomorrow what you should have done today. 
The experiments are based on Wheel- 
er’s famous delayed-choice experiment (3). 
Although photons are particles of light, 
they also possess a wavelike nature and can 
exhibit interference effects. Suppose that the 
path lengths of a Mach-Zehnder interferom- 
eter (4, 5) have been tuned to make the pho- 
ton come out of one port of the final beam 
splitter with probability 1 (see the figure). 
After the photon has passed the first beam 
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splitter, so that it is fully inside the interfer- 
ometer, and before it has reached the sec- 
ond beam splitter, you decide to whisk away 
that second beam splitter, preventing any 
interference between the photon’s two paths 
from taking place. Without interference, the 
photon behaves like a particle and emerges 
with equal probability out of either of the 
two ports of the apparatus where the second 
beam splitter used to be. 

If instead you choose to leave the beam 
splitter in, the wavelike nature of the photon 
asserts itself to exhibit interference between 


TUESDAY 


Photons Beam splitter 
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Welcomed delays. Two studies use quantum entanglement in delayed 
choice experiments; the outcome for the first photon detected (whether 
it is a particle or a wave or has intermediate character) is determined by 
later measurements. Kaiser et al. entangle the first photon’s polariza- 
tion with that of the second photon, so that its outcome depends on the 
second photon’s polarization. Peruzzo et al. entangle the photon with 
the presence or absence of a beam splitter in the setup and again delay 
the outcome of the first photon’s state. If the photon states could be 
stored in quantum memories, it might be possible to delay the outcome 
of the first photon detection (on a Tuesday) until the observer makes a 


choice on Wednesday. 


Entangling two photons allows the wave and 
particle nature of light to be interchanged even 
after the light has already been detected. 


the two paths that the single particle takes 
in quantum superposition, and the pho- 
ton would emerge from only one port with 
probability 1. That is, even though you have 
delayed the choice of removing the beam 
splitter until after the photon—if it really 
were a Classical particle—should be travel- 
ing along one path or the other, by restor- 
ing the beam splitter, you can reinstate the 
photon’s wavelike nature and have it report 
that it was traveling along both paths simul- 
taneously. 

Since Wheeler proposed his delayed- 
choice gedanken experiment 
in 1984, a horde of theories 
and experiments exhibit- 
ing weird quantum effects 
has spread across the sci- 
entific landscape, including 
experimental demonstra- 
tions of Wheeler’s proposal 
(6). Quantum information 
theory has supplied a general 
language for discussing such 
quantum weirdness, and 
small but effective quantum 
information processors have 
provided the wherewithal to 
demonstrate virtually any 
effect of quantum superpo- 
sition and entanglement on 
a small number of quantum 
bits (7). As effects such as 
Wheeler’s delayed-choice 
experiment and its relatives, 
such as the quantum eraser 
(8), have become common- 
place, they have lost some of 
their power to amaze. 
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For quantum weirdness with more kick 
to it, we need look no further than the two 
delayed-choice experiments of Kaiser et 
al. and Peruzzo et al. Both experiments use 
quantum entanglement to delay the choice 
of what quantum effects are demonstrated 
not merely until after the photon has entered 
the interferometer, but until after the pho- 
ton has emerged from the interferometer 
and the measurement that detects it has 
already taken place. In the first proquasti- 
nation experiment, polarizing beam split- 
ters ensure that vertically polarized photons 
entering the Mach-Zehnder interferometer 
undergo quantum interference, while hori- 
zontally polarized photons do not. Photons 
whose polarization is in between vertical 
and horizontal—diagonally polarized pho- 
tons—exhibit partial interference. 

There is nothing here that the two Lud- 
wigs, Mach and Zehnder, couldn’t already 
have observed in the early 1890s, but now 
the tricky part comes in. Kaiser et al. do not 
send a photon with a definite polarization 
into the interferometer. Rather, they send a 
photon whose polarization is entangled with 
the polarization of a second photon. After 
the first photon has already emerged from 
the interferometer and the port by which it 
has emerged has been detected, Kaiser et 
al. measured the polarization of the second 
photon. If they measure the polarization of 
the second photon along the vertical/hori- 


zontal axis and obtain the result “horizon- 
tal,” then the first photon has behaved like a 
particle: No interference has taken place. If 
they obtain the result “vertical,” then the first 
particle has behaved like a wave, and inter- 
ference has taken place. 

So far, the results of the experiment could 
be explained simply by saying the two pho- 
tons are either both horizontally polarized or 
both vertically polarized. If one chooses to 
measure the second photon along the diag- 
onal/antidiagonal axis however, so that first 
photon exhibits partial interference, then 
Bell’s inequalities (9) can be used to show 
that this convenient classical explanation 
won’t wash. It is the measurement on the 
second photon—apparently retroactively— 
that made interference take place or not. 

The second demonstration of quantum 
procrastination, by Peruzzo ef al., is if any- 
thing even more audacious. In this experi- 
ment, a photon is sent through a Mach- 
Zehnder interferometer as before, but the 
presence or absence of the second beam 
splitter in the Mach-Zehnder interferometer 
is entangled with the state of a second pho- 
ton. As a result, even after the first photon 
has been detected, the question of whether 
it has exhibited wave nature, particle nature, 
or something in between, is determined by 
measurements made on the second photon. 
Strong violations of Bell’s inequalities again 
rule out easy classical explanation. 


Although the two quantum procrastina- 
tion experiments reported here delay the 
choice of whether to exhibit wave- or par- 
ticle-like nature of entangled particles for 
just a few nanoseconds, if one has access 
to quantum memory in which to store the 
entanglement, the decision could be put off 
until tomorrow (or for as long as the memory 
works reliably). So why decide now? Just let 
those quanta slide! Sadly, the applications of 
quantum procrastination are for the moment 
limited to making only a few highly quan- 
tum types of decision ex post facto. I wish 
I had decided to start writing this article a 
week before it was due, but no amount of 
entanglement can hide that I decided to the 
day before. 
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Chloroplast Delivery by UPS 


Felix Kessler 


hloroplasts are the organelles of 

photosynthesis in plants and are 

responsible for much of the food and 
biomass production on our planet. But chlo- 
roplasts are only the best-known members 
of an extended family of organelles termed 
plastids. Their name suggests plasticity 
and, indeed, plastids exist in various incar- 
nations depending on developmental cues 
(e.g., nonphotosynthetic etioplasts in dark- 
grown leaves, colored chromoplasts in pet- 
als and fruit, and starch-storing amyloplasts 
in roots). Yet, the mechanisms underlying 
the transformation from one plastid type to 
another are largely unknown. On page 655 
in this issue, Ling ef al. (1) show that the 


Institute of Biology, University of Neuchatel, CH-2000 
Neuchatel, Switzerland. E-mail: felix.kessler@unine.ch 


ubiquitin-26S proteasome system (UPS) 
directly targets plastids and promotes chlo- 
roplast biogenesis, controlling yet another 
important facet of cell biology. 

Plastids originate from an endosymbiotic 
process that started ~1.5 billion years ago 
when a eukaryotic host cell engulfed a pho- 
tosynthetic prokaryote. Over time, the two 
organisms became almost completely inte- 
grated. A permanent and ongoing flow of 
genetic material from the prokaryotic endo- 
symbiont resulted in the transfer of most 
plastid protein-encoding genes to the host 
nucleus (2). The Arabidopsis chloroplast 
today has ~2000 proteins (3, 4), only 87 of 
which are encoded in the organelle. Con- 
currently with their transfer to the nucleus, 
the former endosymbiont genes acquired 
genetic information encoding amino-termi- 


Identification of a membrane-anchored E3 
ligase in plants reveals a role for the ubiquitin 
proteasome system in chloroplast development. 


nal targeting sequences resulting in synthe- 
sis of preproteins in the cytosol. The amino- 
terminal sequences enable the recognition 
and the translocation of preproteins across 
the dual-membrane chloroplast envelope 
and are later removed. 

Preprotein recognition and envelope 
translocation are facilitated by the chloro- 
plast protein import machinery (5), which 
consists of translocon complexes at the 
outer (TOC) and inner envelope membranes 
of the chloroplast. The main components 
(identified by their molecular mass in kilo- 
daltons) of the Toc complex (Toc159, Toc34, 
and Toc75) were first identified in isolated 
pea chloroplasts (6—8) and play essential 
roles in chloroplast biogenesis in Arabidop- 
sis thaliana (9, 10). Toc159 and Toc34 are 
outer membrane preprotein receptors shar- 
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triggers the transformation of etioplasts into chloroplasts. Developing chloroplasts import large quantities of 
photosynthesis-associated proteins using a Toc complex consisting of the preprotein receptors Toc159 and Toc33 
together with Toc75. The remodeling of the Toc complex during chloroplast biogenesis implicates an outer mem- 
brane E3 ligase, SP1, that targets components of the protein import machinery for degradation by the 26S pro- 
teasome (26SP). A, acidic; at, Arabidopis thaliana; G, GTP-binding; M, membrane insertion; RNF, RING-finger 
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ing homology in their guanosine 5’-triphos- 
phate (GTP)—binding domains, and they 
extend into the cytosol. Toc75 forms the 
protein-conducting channel, deeply buried 
in the outer membrane. The Arabidopsis 
genome revealed that a small gene family of 
Toc GTPases (Toc159, -132, -120, -90, -34, 
and -33) engage in separate, preprotein- 
specific pathways (//, 12). Toc159 and -33 
are present predominantly in the chloroplast 
and mediate the import of the highly abun- 
dant proteins associated with photosynthe- 
sis. By contrast, Toc132/-120 and Toc34 are 
present mostly in other plastid types and 
are required for the import of housekeep- 
ing proteins. 

Chloroplast biogenesis occurs when a 
dark-grown (etiolated) plant senses the light 
and consists of a series of developmental 
processes called photomorphogenesis (/3). 
This results in extensive changes in gene 
expression that dramatically increase the 
components of the photosynthetic machin- 
ery and enables the greening of young 
plants. Greening directly reflects chloro- 
plast biogenesis and leads to remodeling of 
the import machinery and then of the entire 
chloroplast proteome that becomes domi- 
nated by highly abundant photosynthesis- 
associated proteins. 

For the import machinery, the balance 
is shifted from Toc120/-132 and Toc34 to 
Toc159 and Toc33. Both toc33 (ppil) (9) and 
toc159 (ppi2) (10) mutants give rise to chlo- 


roplast phenotypes (pale green and albino, 
respectively), emphasizing the relevance of 
these components and their specific role in 
preprotein import. But what brings about this 
switch of components in the import machin- 
ery during chloroplast biogenesis? 

In a screen for second site suppressors of 
ppil, Ling et al. discovered SP1 (suppres- 
sor of ppil locus 1), a “really interesting 
new gene” (RING)-type ubiquitin E3 ligase. 
Together with E2, El, and the proteasome, 
E3 ligases regulate protein degradation and 
thereby a range of processes in animals and 
plants, and occupy 6% of the Arabidopsis 
genome (/4). SP1 has a “really interesting” 
topology: It is anchored in the plastid outer 
envelope membrane by two transmembrane 
helices and exposes a carboxyl-terminal 
C3HC4-type RING-finger domain to the 
cytosol. The domain between the two trans- 
membrane helices faces the envelope inter- 
membrane space and interacts with its TOC 
targets. Thus, SP1 is ideally positioned to 
ubiquitinate targets at the chloroplast surface. 

The sp/ ppil double-mutant plants gen- 
erated by Ling ef al. are larger and greener 
and contain more extensively developed 
chloroplasts than ppiJ but still less so than 
wild-type plants. By contrast, the sp/ single 
mutant showed a slower transformation of 
etioplasts to chloroplasts, and from chloro- 
plasts to gerontoplasts (aging chloroplasts 
in older plants). This indicates a role in the 
transformation of one plastid type to another 
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(see the figure). In vitro and in vivo experi- 
ments by the authors show that Toc complex 
components are directly ubiquitinated by the 
action of SP1. But how could loss of ubiqui- 
tination activity by the sp/ mutations rescue 
the pale phenotype and the defective chloro- 
plasts in the ppi/ mutant? The answer may lie 
in the reduced degradation and consequent 
increase in amounts of other Toc compo- 
nents that may compensate for the absence 
of Toc33 in the ppil sp/ double mutant. 

Why would the loss of SP1 function 
disrupt transition between different plas- 
tid types? Chloroplast biogenesis, as well 
as the differentiation of other plastid types, 
is linked to the import of functionally spe- 
cific proteins that in turn require specific 
combinations of the import receptor homo- 
logs (i.e., Toc159 and Toc33 for photosyn- 
thesis-associated proteins and Toc132/-120 
and Toc34 for housekeeping proteins). SP1- 
dependent ubiquitination followed by prote- 
asome-mediated degradation may therefore 
allow modulation of the composition of the 
Toc complex with regard to the preprotein 
demands of the developing plastid type. 

Are the Toc components the only tar- 
gets of SP1, or are there other substrates? 
SP1 has a close homolog, SPL1, that also 
localizes to the chloroplast outer membrane. 
Genetic evidence indicates that SPL1 is not 
redundant with SP1, but its function remains 
unknown. The findings of Ling et al. have 
opened an exciting new door to regula- 
tory mechanisms at the chloroplast import 
machinery. No doubt, many interesting 
secrets remain to be discovered. 


References and Notes 
1. Q. Ling, W. Huang, A. Baldwin, P. Jarvis, Science 338, 
655 (2012). 
2. J.N. Timmis, M. A. Ayliffe, C. ¥. Huang, W. Martin, Nat. 
Rev. Genet. 5, 123 (2004). 
3. B. Zybailov et al., PLoS One 3, e1994 (2008). 
4. K. Baerenfaller et al., Science 320, 938 (2008). 
5. F. Kessler, D. Schnell, Curr. Opin. Cell Biol. 21, 494 
(2009). 
6. S.E. Perry, K. Keegstra, Plant Cell 6, 93 (1994). 
7. D.J. Schnell, F. Kessler, G. Blobel, Science 266, 1007 
(1994). 
8. S. Hirsch, E. Muckel, F. Heemeyer, G. von Heijne, J. Soll, 
Science 266, 1989 (1994). 
9. P. Jarvis et al., Science 282, 100 (1998). 
10. J. Bauer et al., Nature 403, 203 (2000). 
11. S. Kubis et al., Plant Cell 16, 2059 (2004). 
12. Y. Ivanova, M. D. Smith, K. Chen, D. J. Schnell, Mol. Biol. 
Cell 15, 3379 (2004). 
13. C. Kami, S. Lorrain, P. Hornitschek, C. Fankhauser, Curr. 
Top. Dev. Biol. 91, 29 (2010). 
14. R.D. Vierstra, Nat. Rev. Mol. Cell Biol. 10, 385 (2009). 


Acknowledgments: F.K. is funded by the Swiss National 
Science Foundation, the National Center of Competence 

in Research Plant Survival, SystemsX, and the University of 
Neuchatel. | regret not citing some work because of space 
limitations. 


10.1126/science.1230658 


www.sciencemag.org SCIENCE VOL338 2 NOVEMBER 2012 


Published by AAAS 


623 


Downloaded from www.sciencemag.org on November 3, 2012 


PERSPECTIVES 


624 


MOLECULAR BIOLOGY 


A New Direction for Gene Loops 


Michael Hampsey 


he textbook illustration of a gene 
depicts a linear structure, with flank- 
ing regulatory sequences—a pro- 
moter on the left and a terminator on the 
right, to start and stop transcription, respec- 
tively. However, recent analyses of chroma- 
tin architecture have revealed that the pro- 
moter and terminator elements are not nec- 
essarily separate in three-dimensional space, 
but can be juxtaposed to form “gene loops” 
(/, 2). Gene loops are not static structures; 
they form transiently in a transcription- 
dependent manner. But what function do 
they serve? On page 671 of this issue, Tan- 
Wong et al. report that gene loops restrict 
divergent transcription from inherently bidi- 
rectional promoters, repressing the synthe- 
sis of noncoding RNA (3). 

The yeast SSU72 gene was key to the dis- 
covery of gene loops. An ssu72 mutant was 
initially identified on the basis of genetic 
interaction with the general transcription ini- 
tiation factor TFIIB (4). The Ssu72 protein 
associates directly with TFIIB, and defects 
in either protein can affect transcription start 
site selection at target genes. It was subse- 
quently found that Ssu72 is a protein phos- 
phatase with specificity for phosphorylated 
serine residues in the C-terminal domain of 
the largest subunit of RNA polymerase II 
(Pol ID) (5, 6). This dephosphorylation event 
occurs early in the transcription cycle. Yet 
Ssu72 is an integral component of the cleav- 
age and polyadenylation factor (CPF) com- 
plex that couples 3’-end processing of pre- 
cursor mRNA (pre-mRNA) with transcrip- 
tion termination (7). How does a component 
of the 3’-end processing machinery interact 
with TFIIB to affect initiation? 

It turns out that the terminating element 
of a gene is not necessarily distal to its pro- 
moter, but can physically interact with it in 
three-dimensional space. This was demon- 
strated by chromosome conformation cap- 
ture (3C), a powerful technique that detects 
and quantifies physical interaction between 
any two regions of a genome (8). 3C revealed 
not only that yeast genes form loops, but that 
looping might be a general feature of Pol II 
transcription (/, 2). Furthermore, defects in 
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TFUB and Ssu72, as well as in other initia- 
tion and 3’-end processing proteins, impair 
loop formation (9). A current model proposes 
that looping requires a pioneer round of tran- 
scription to recruit the 3’-end pre-mRNA 
processing proteins, followed by physical 
interaction with transcription initiation fac- 
tors to generate the loop. Gene loops might 
enhance transcription by facilitating handoff 
of Pol II from the terminator to the promoter 
of the same gene. Whether loops are formed 
and dissociate with each transcription cycle 
remains to be determined. However, persis- 
tence of loops at some genes has been asso- 
ciated with “transcriptional memory,” a phe- 
nomenon defined as rapid reactivation of 
genes after a cycle of activation and repres- 
sion (10, 17). 

In this study, Tan-Wong et al. observed 


that the ssw72-2 mutation blocks looping and 
confers a pronounced growth defect in com- 
bination with a Arrpé6 deletion. The protein 
Rrp6 is a component of the nuclear surveil- 
lance machinery that degrades aberrant non- 
coding RNAs (ncRNAs) synthesized by Pol 
II (12). Indeed, Arrp6 was instrumental in 
discovering the pervasive nature of cryptic 
unstable transcripts (CUTs), most of which 
originate from nucleosome-free regions 
flanking protein-encoding genes (/3). Thus, 
terminator regions can be transcribed in the 
antisense direction, and many promoters 
are inherently bidirectional, yielding either 
mRNA or ncRNA. 

Does Ssu72, and more generally gene 
looping, repress transcription of CUTs? Tan- 
Wong et al. show that inactivation of Ssu72 
(ssu72-2 mutant) enhances production of 
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ncRNAs across the yeast genome. Further- 
more, by focusing on pairs of tandem genes 
where the promoter of the downstream gene 
is far from the termination region of the 
upstream gene, the authors established that 
enhanced synthesis of ncRNAs originates 
from the downstream bidirectional pro- 
moter, rather than from the upstream poly- 
adenylation site (see the figure). Enhanced 
expression of CUTs, previously detected 
in the Arrp6 deletion mutant, as well 
as an extensive set of new CUTs called 
SRTs (Ssu72-restricted transcripts), were 
observed in the ssw72-2 mutant. However, 
enhanced synthesis of these ncRNAs was 
not specific to the ssw72-2 mutation; other 
mutations that block looping—including 
sua7-I (which encodes a mutated form of 
TFIIB) and defects in the Ptal, Rnal4, and 
Rnal5 components of the 3’-end pre-mRNA 
processing machinery—exhibited similar 
enhancement of CUTs and SRTs. Accord- 
ingly, Tan-Wong et al. define a new function 
for gene loops: repression of ncRNA synthe- 
sis from bidirectional promoters. 


It remains to be determined how gene 
loops repress upstream transcription. One 
scenario is that bidirectional transcription is 
mutually exclusive: Formation of one initia- 
tion complex precludes formation of an adja- 
cent complex of opposite polarity. In this 
case, a promoter-terminator loop would sim- 
ply repress ncRNA transcription by default. 
This possibility is consistent with the small 
decrease in mRNA production associated 
with the ssw72-2 mutant observed by Tan- 
Wong ef al. Alternatively, gene loops might 
actively block ncRNA synthesis, perhaps by 
localized recruitment of a repressive histone 
deacetylase complex. 

Gene loops are not unique to yeast. For 
example, the HIV provirus forms a transcrip- 
tion-dependent gene loop between the 5’ 
long terminal repeat (LTR) promoter and the 
3’ LTR polyadenylation site (/4). Interest- 
ingly, proper 3’-end formation of mammalian 
B-globin mRNA stimulates transcription ini- 
tiation of the B-globin gene —an effect that 
is most easily explained by looping-mediated 
recycling of Pol II (/5). The extent to which 
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gene loops might be a general feature of Pol 
II transcription awaits further investigation. 
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MATERIALS SCIENCE 


Getting Moore from Solar Cells 


David J. Norris' and Eray S. Aydil? 


iological organisms, when faced 
Be a difficult environment, take 

advantage of the process of muta- 
tion. Beneficial mutations can help to opti- 
mize a known survival strategy or even 
reveal a new one. In solar cell research, a 
similar process is occurring. Solar cells 
must continue to improve in efficiency and 
cost if they are to thrive as a viable energy 
technology. Through the implementation of 
variations on known device architectures, 
“mutant” solar cells are leading not only to 
important incremental improvements but 
also to surprising new approaches. On page 
643 of this issue, Lee et al. (1) demonstrate 
an example of the latter, introducing a new 
species of solar cell for study. 

Photovoltaic solar cells convert sunlight 
into usable electrical power. After decades 
of research, several device archetypes have 
been established. These include long-stand- 
ing approaches, such as the common silicon 
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solar cell (2, 3), and newer alternatives at 
various stages in their development (4). One 
example is the dye-sensitized solar cell (5), 
first reported in 1991. Unlike the silicon cell, 
it is a hybrid device made of both inorganic 
and organic components. A porous film of 
inorganic titania particles is deposited on an 
electrode. When a single layer of an organic 
dye molecule decorates the surface of these 
particles, sunlight is absorbed by the dye, 
generating electrons. If extremely small 
(nanometer-scale) titania particles are used, 
even a thin film contains sufficient surface 
area that most of the sunlight is absorbed by 
the dye. A voltage can then be established 
between the titania-coated electrode and a 
counterelectrode when a liquid electrolyte 
is placed in between. In this configuration, 
the device produces power when the film of 
titania particles performs several functions 
simultaneously: It provides a scaffold for 
the dye, collects the generated electrons, and 
transports these charges to the electrode. 
Initially, dye-sensitized solar cells con- 
verted full sunlight into electricity with an 
efficiency of 7.1% (5). By comparison, crys- 
talline silicon solar cells convert full sun- 
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Exploring alternative device designs and 
component materials will be crucial in 
improving solar cell performance. 


light into electricity with an efficiency of 
25%. However, because titania particles are 
inexpensive to produce and spread on a sur- 
face, dye-sensitized solar cells were pursued 
as a low-cost alternative to silicon. More- 
over, through optimization of the dye and the 
electrolyte, their efficiency now stands at an 
impressive 12.3% (6). 

The basic concept of the dye-sensitized 
solar cell has also provided a good launch- 
ing point for “mutations” to further improve 
this performance. The titania nanoparticles 
have been replaced with other structures, 
such as semiconductor nanowires (7, 8); the 
dye replaced with other light absorbers, such 
as semiconductor quantum dots (9); and the 
liquid electrolyte replaced with solid con- 
ductors, such as organic semiconductors 
(10). Changing two of these simultaneously 
has also been explored (//). However, so far, 
none of these mutations have yielded cost 
or efficiency benefits over the conventional 
dye-sensitized solar cell. 

By changing three elements of the dye- 
sensitized solar cell simultaneously, the 
results reported by Lee et al. suggest a shift 
in that stalemate. They replaced the titania 
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nanoparticles with alumina nanoparticles, 
the dye with a thin layer of an organic- 
inorganic perovskite (12), and the liquid 
electrolyte with a solid organic conductor. 
The outcome was a device that converted 
full sunlight with an efficiency of 10.9%, 
a truly impressive number, especially for a 
combination one might not expect to per- 
form at all. 

In particular, alumina is nonconductive 
and cannot transport the light-generated 
electrons to the electrode. Consequently, 
the alumina performs only one of the three 
required functions—a high-surface-area 
scaffold upon which the light-absorbing 
perovskite is placed. But then how does the 
device work? The other functions are appar- 
ently assumed by the perovskite, which is 
a hybrid solid consisting of an inorganic 
framework (a metal halide) with small 
organic molecules in its voids. Although this 
sounds exotic, these materials are known to 
behave like semiconductors, allowing them 
to absorb the sunlight and create electrons. 
Without the titania, the perovskite also has 
to transport this charge to the electrode. 
Because the overall device performance 
is high, the perovskite apparently accom- 
plishes all of these tasks surprisingly well. 

Replacing the simple organic dye with 
the perovskite also sounds complicated (and 
expensive). However, Lee et al. show that 
highly crystalline layers of these materials 
can be grown simply by coating the surfaces 
of the alumina particles with a solution of 
low-cost molecular precursors followed by 
mild heating. The high structural quality of 


the resulting films is presumably one reason 
the perovskite can collect and transport the 
electrons so efficiently. Because the absorb- 
ing layer is produced by simple and inex- 
pensive solution processing, the Lee et al. 
device also maintains a primary advantage 
of the conventional dye-sensitized solar cell: 
low cost. 

On the basis of this first report, research- 
ers can now evolve the new device and 
search for further improvements. An 
obvious target is the organic-inorganic 
perovskite. The specific lead halide used is 
only one example of a large class of pos- 
sible perovskites (/2). Exploring related 
materials can also provide an opportunity 
to eliminate the lead, a worthwhile goal for 
environmental protection. 

These and other “mutants” are intended to 
help photovoltaic solar cells make an impact 
on the world’s electricity production (see the 
figure). Global photovoltaic solar cell capac- 
ity has doubled every 2.5 years between 1975 
and 2010. Such exponential growth is remi- 
niscent of the famous Moore’s law in inte- 
grated circuits, which states that the number 
of transistors on a computer chip doubles 
every 2 years. Although not a physical law, 
it has provided a self-fulfilling prophecy for 
the computer industry for several decades. 
Will solar cell manufacturers be able to 
maintain their Moore-like growth? In partic- 


ular, recent increases have occurred during a 
period of government subsidies. If the politi- 
cal or economic environment changes, then 
technological improvements in performance 
and cost will be needed more than ever to 
stay on track. Research on mutant solar cells, 
which can lead to improvements in both effi- 
ciency and cost, has an important role to play 
in achieving this goal. 
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Templating a Molecular Tug-of-War 


Michael R. Diehl 


Tying cytoskeletal motors together on a DNA rope reveals how opposing motors compete to 


determine the direction of cargo transport. 


he activated transport of organelles, 

vesicles, and many other subcellular 

commodities along cytoskeletal fila- 
ments is central to mechanisms that regulate 
the internal organization of eukaryotic cells 
(1). The motions of these cargos are driven by 
several classes of ATP-dependent enzymes 
called motor proteins that are capable of 
converting chemical energy into mechani- 
cal work. A variety of bulk biochemical and 
single-molecule techniques have been devel- 
oped over the past decade to characterize 
the principles that allow these enzymes to 
function effectively as molecular machines 
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(2, 3). Yet most cargos are transported by 
multicomponent motor systems containing 
multiple copies of the same motor, or even 
by mixtures of different classes of motors 
that move with different velocities, in oppo- 
site directions, and along different types of 
cytoskeletal filaments (4, 5). Understanding 
how motors cooperate productively and com- 
pete antagonistically has therefore become 
increasingly important for dissecting mecha- 
nisms that regulate intracellular transport as 
well as the impact of motor mutations in dis- 
eases. On page 662 of this issue, Derr et al. 
(6) demonstrate a new materials approach to 
these problems that allows the characteriza- 
tion of key relationships among the structural 
organization of multiple motor systems, the 
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properties of motors within these com- 
plexes, and their collective dynamic 
behaviors. 

Current studies of collective motor 
functions have been confounded by the 
fact that the number and spatial arrange- 
ment of motors on a cargo are unknown 
in most assays and must be inferred 
from analyses of cargo motions. The 
combination of these experimental 
deficiencies and the inherent complex- 
ities of collective motor behaviors have 
left many aspects of multiple motor 
dynamics poorly defined and contro- 
versial. To address these challenges, 
several groups have developed meth- 
ods to generate organized motor com- 
plexes using molecular scaffolds com- 
posed of protein-based polymers, lin- 
ear DNA duplexes, and other biomac- 
romolecules (7-9). These approaches 
provide important abilities to quantify 
differences between single and multi- 
ple motor run lengths, velocities, and 
force production. However, they have 
allowed small motor complexes to be 
prepared that typically only contain two 
identical motors. Derr et al. have over- 
come this limitation by engineering 
DNA scaffolds, called DNA origami, 
in order to create motor complexes that 
better reflect the size and complexity of the 
motor systems responsible for the transport of 
natural cargos. The DNA origami is formed 
by folding a long viral single-stranded DNA 
strand into an organized structure by anneal- 
ing this strand with collections of small oli- 
gonucleotides called “staple strands,” which 
hybridize to different regions of the viral 
DNA (J0). This method allows long molecu- 
lar scaffolds to be synthesized whose persis- 
tence length can far exceed that of a single 
DNA duplex because multiple duplexes can 
be tied together. The staple strands can also 
be extended from the structure and used to 
specify sites where DNA-tagged motors and 
fluorescent labeling strands are linked to the 
scaffold. The resulting ability to program the 
number, sequence, and spatial presentation 
of these handles allows near-arbitrarily com- 
plex, three-dimensional scaffolds to be pre- 
pared that can template the self-assembly of 
multiple protein systems containing collec- 
tions of different proteins. 

The development of recombinant yeast 
dynein expression constructs that can be 
outfitted with oligonucleotides also pro- 
vided Derr et al. with new opportunities to 
engineer motor complexes containing oppo- 
sitely directed kinesin and dynein motors 
and then examine how these microtubule 


CYTOSKELETAL TRANSPORT CHAMPIONSHIPS 


Dynein 


otor binding stepping and detachment 


Oppositely directed motors compete in a tug-of-war. Many cargos are 
outfitted with different types of antagonistic cytoskeletal motors in cells 
and move bidirectionally along cytoskeletal filaments. Using molecular 
scaffolds call DNA origami to generate organized multiple motor com- 
plexes, Derr et al. show that teams of yeast dyneins tend to win tug-of- 
war competitions with multiple kinesins. Despite its lower stalling force, 
dynein’s high microtubule affinity tips the scale in the dynein team’s 
favor because this property allows more dyneins to remain engaged dur- 
ing a tug-of-war against a team of kinesins, which tend to use only a 
small fraction of their motors during the competition. 


motors compete to control the direction of 
cargo motion. Single kinesin motors move 
processively toward the plus end of micro- 
tubules and can produce forces up to 7 pN. 
Yeast dynein is a minus end—directed motor 
and has been found to stall at somewhat 
smaller forces (5 pN) (//). One may there- 
fore expect that teams of kinesins would 
prevail over similar-sized teams of dyneins 
during a molecular tug-of-war. However, 
Derr et al. found that collections of dyneins 
tended to win this competition, except in 
extreme cases where the number of kines- 
ins far outweighed the number of dyneins in 
a complex. These results show that factors 
other than a motor’s stalling force can play 
key roles determining how motors cooper- 
ate in groups. They are also consistent with 
recent optical trapping studies that have 
suggested that teams of kinesins use only 
a small fraction of their motors at a time 
when transporting cargos against opposing 
loads on average (9, /2). This weak coop- 
erative response has been attributed to kine- 
sin’s relatively high stepping rate under 
load and large stalling force relative to its 
critical detachment force (8, /3). Although 
these properties allow kinesin to function 
efficiently as single motor molecules, they 
can produce kinetic constraints that limit 
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the ability of multiple kinesins to 
cooperate productively by sharing 
their applied loads (see the figure). 
The present dynein motors pos- 
sess much higher filament affini- 
ties than kinesin and advance at 
much lower rates, which appears 
to relieve these constraints, 
yielding net minus end—directed 
motions even at low dynein-to- 
kinesin ratios. 

The ability to controllably tune 
the motor ratios will likely shed 
light on intracellular transport reg- 
ulatory mechanisms. The domi- 
nant role of high-affinity motors 
in the present ensembles suggests 
that controlling their number and 
activities will be particularly influ- 
ential to tug-of-war competitions. 
Nevertheless, the mechanochemi- 
cal properties of motors can vary 
appreciably depending on their 
structure and association with spe- 
cific accessory factors, indicating 
that characteristically different col- 
lective responses can potentially be 
produced by other motor systems. 
Analogously rich collective behav- 
iors are known to occur when non- 
motile proteins interact in groups 
and operate as integrated biosynthetic facto- 
ries and signaling complexes (/4, /5). Conse- 
quently, the ability to make use of DNA self- 
assembly techniques to engineer organized 
multiple protein assemblies and determinis- 
tically modulate their composition will likely 
constitute an important new approach to dis- 
secting the functions of various integrated 
macromolecular systems of proteins. 


+) 
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Marine Microbes See a 


Sea of Gradients 


Roman Stocker 


Marine bacteria influence Earth’s environmental dynamics in fundamental ways by controlling 
the biogeochemistry and productivity of the oceans. These large-scale consequences result from 
the combined effect of countless interactions occurring at the level of the individual cells. At 
these small scales, the ocean is surprisingly heterogeneous, and microbes experience an 
environment of pervasive and dynamic chemical and physical gradients. Many species actively 
exploit this heterogeneity, while others rely on gradient-independent adaptations. This is an 
exciting time to explore this frontier of oceanography, but understanding microbial behavior 
and competition in the context of the water column’s microarchitecture calls for new ecological 
frameworks, such as a microbial optimal foraging theory, to determine the relevant trade-offs 
and global consequences of microbial life in a sea of gradients. 


ography was based on the assumption that 

molecules and organisms are randomly 
distributed, with little regard for gradients and 
behavioral responses (/). There is now abundant 
evidence that nutrients are not homogeneously 
distributed at the scales relevant to the microor- 
ganisms and instead frequently arise as microscale 
hot spots. Many bacteria exploit heterogeneity 
by swimming toward the epicenter of hot spots, 
whereas others survive in low-concentration, uni- 
form background conditions. 

Although tools to interrogate the behavior of 
marine microbes at the level of single cells and 
their microenvironment have begun to be devel- 
oped, the conceptual frameworks needed to eval- 
uate the trade-offs and ecosystem implications of 
life in microscale gradients lag behind. Integrat- 
ing microscale observations with ecological frame- 
works will shed light on important unexplored 
questions in microbial oceanography. What are 
the effects of gradients on microbial diversity 
in the ocean? How do they affect productivity? Do 
the consequences of heterogeneity simply aver- 
age out, justifying mean-field descriptions based 
on bulk concentrations and a neglect of behavior, 
or do microscale gradients affect the rates and 
fluxes of biogeochemical transformation? This 
Review describes the nature and prevalence of 
microscale gradients in the ocean, the response 
of microbes to these gradients, and the putative 
mechanisms by which these processes can affect 
the marine ecosystem at a global scale. 


Te years ago much of microbial ocean- 


At What Scales Do Marine Microbes Interact 
with Their Environment? 

To understand the behavior of an organism, it 
must be studied in relation to its immediate en- 
vironment. Marine microorganisms affect large- 


Ralph M. Parsons Laboratory, Department of Civil and En- 
vironmental Engineering, 49-213, Massachusetts Institute of 
Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, 
USA. E-mail: romans@mit.edu 


scale processes in the sea, including the cycling 
of most elements, the rates and fate of primary 
production, and the generation of climatically 
active gases (2), yet they live and interact with the 
ocean at the microscale. In terms of relative scale, 
environmental conditions at tens of meters res- 
olution are to a microbe what the mean world 
temperature is to an African lion: a useful metric 
for global trends, but hardly a mechanistic eco- 
logical predictor. 

How large, then, is a microbial microenvi- 
ronment in the ocean? Rather than being a fixed 
volume (3), it depends on behavior and time, as 
simple calculations exemplify. For a nonmotile 
bacterium (or archaeon), cell size (~0.4- to 2-um 
diameter) defines the microenvironment. For ex- 
ample, nutrient uptake occurs from a small region 
surrounding the organism, the diffusion bounda- 
ry layer, which spans a few cell diameters. There 
is little motion of the cell relative to the sur- 
rounding water, with Brownian diffusion allow- 
ing a 0.4-m-—diameter cell to explore 45 pl of 
seawater (a ~35-um cube) in 10 min and 80 nl 
(a ~430-um cube) in a day. 

In contrast, the microenvironment of a swim- 
ming bacterium is largely defined by its motility 
range. One can calculate that randomly swim- 
ming at 50 um/s enables a bacterium to experi- 
ence 0.5 ul (a ~0.8-mm cube) of new water every 
10 min and 0.8 ml (a ~1 cm cube) every day. 
Chemotaxis (the ability to sense chemical gra- 
dients and direct motility accordingly) further in- 
creases the distance a microbe can traverse: a 
chemotactic velocity (the directional component 
of swimming) of 10 um/s results in a net dis- 
placement of 6 mm in 10 min. 

Microbial microenvironments can thus be large 
compared with cell size but are still tiny relative 
to most oceanographic sampling methods. With 
rare exceptions, these volumes remain difficult 
to interrogate in situ, owing to the small size and 
intermittency of microenvironments and the minus- 
cule amount of matter they contain. We must gain 
better access to the marine microscale, in terms of 


tools and conceptual frameworks, if we are to 
understand the consequences of resource hetero- 
geneity and microbial behavior on diversity, pro- 
ductivity, and biogeochemistry. 


How Heterogeneous Is the Ocean 
at the Microscale? 


It has long been recognized that the water column 
is dotted with copious sources of microscale het- 
erogeneity (Fig. 1). A ubiquitous case is the “phy- 
cosphere,” the region surrounding a phytoplankton 
cell, which harbors gradients of dissolved organic 
matter [DOM; operationally defined as the or- 
ganic material <0.7 um in size (2)] and oxygen 
that attract heterotrophic bacteria (4, 5). This 
attraction can result in diverse ecological inter- 
actions between bacteria and algae, from sym- 
biosis to parasitism, and can increase the fraction 
of primary production used by bacteria (6). Equal- 
ly widespread are marine snow particles, aggre- 
gates that also contain gradients of DOM and 
oxygen (7) and emanate intense DOM plumes as 
they sink (8, 9). The particles and their plumes 
can attract and become growth hot spots for bac- 
teria (9, 10). Strong gradients are further created 
by excretions from larger organisms, cell lysis, and 
sloppy feeding. These sources of heterogeneity, 
along with a multitude of particle types ranging 
from colloids to fecal pellets to exopolymers, can 
vary in size from micrometers to centimeters, and 
harbor resource concentrations orders of magni- 
tude above background levels. 

These processes have led to the view that 
even a milliliter of seawater is far from homoge- 
neous (3). I suggest that microscale gradients are 
in fact considerably more pervasive than even 
these sources of heterogeneity indicate, for three 
reasons. First, the majority of inputs of microbial 
resources are heterogeneous at microbial scales: 
10- to 1000-um oil droplets originating from spills 
or natural seeps, 50- to 5000-um gas bubbles 
released from natural vents or injected by breaking 
waves, sediment grains resuspended by currents, 
and dust particles of aeolian origin are all con- 
stituents of large-scale events that for marine 
microorganisms resolve into a patchy landscape 
peppered with discrete resources and microscale 
gradients. 

Second, turbulence converts macroheteroge- 
neity into microheterogeneity. In the process of 
mixing a solute such as DOM, turbulent whirls 
stir the solute into ever-finer sheets and filaments 
(see Box | and associated figure). This stretch- 
ing and folding continues down to a scale below 
which molecular diffusion dissipates gradients to 
truly mix the solute. For typical marine turbulence 
levels, this scale, known as the Batchelor scale, 
ranges from 30 to 300 um. Thus, irrespective of 
the size of the DOM source, turbulence produces 
arich fabric of gradients at the scale of microbial 
microenvironments. 

Third, chemical gradients are compounded by 
physical gradients. Microscale viscosity gradients 
can develop inside and around particles, but also 
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in the bulk medium, where colloids and mucus 
sheets can form tangled polymer webs (3). Gradi- 
ents in fluid velocity due to turbulent shear can 
occur at millimeter scales and result in subtle hy- 
drodynamic interactions with cell shape (//). Sa- 
linity can equally vary on submillimeter scales, 
owing, for example, to pockets of interstitial fluid 
carried by porous particles sinking through the 
water column (/2). 

Likely as a consequence of this heterogeneity, 
bacteria are also heterogeneously distributed, with 
recorded variations in cell concentration of up to 
20-fold over 10 to 30 mm (/3). Thus, despite its 
superficial homogeneous appearance, the water 
column can have a rich physical, chemical, and 
biological microarchitecture, not unlike that of 
environments dominated by surfaces, such as sed- 
iments or animal hosts. In the following, I focus 
on a specific adaptation to this heterogeneity: 
chemotactic motility. 


How Pervasive Are Behavioral Responses 
to Microscale Gradients? 


Chemotactic motility is not only the most con- 
spicuous adaptation to microscale chemical gra- 
dients, but also a de facto demonstration of their 
existence. A subtle distinction is in order: motility 
alone does not increase microbial nutrient uptake, 
whereas chemotaxis can. The description of ma- 
rine bacteria as the “ultimate swimming stomachs” 
[J. Stern in (/4)] should not be interpreted in 
the same manner as whales swimming open- 
mouthed to catch plankton: The uptake rate of a 
bacterium while it swims is the same as when 
it rests, except for very high molecular weight 
solutes (/5). In contrast, cells can increase uptake 
by residing in high-concentration microenviron- 
ments, which they find by chemotaxing along 
gradients. Thus, chemotactic motility is intimate- 
ly linked to microscale gradients. But how prev- 
alent is motility among marine bacteria? 

It contrast to phytoplankton, whose motility is 
a well-studied, distinguishing trait (e.g., in the 
competition between diatoms and dinoflagellates), 
or enteric bacteria, whose chemotaxis is among 
the best understood cellular processes, bacterial 
motility and its prevalence have been given less 
attention in the ocean. On one hand, we know 
that some numerically abundant organisms, such 
as Pelagibacter ubique of the SAR11 clade, are 
nonmotile (/6). On the other hand, direct ob- 
servation has shown that many marine bacteria 
are motile (/7), and the fraction of motile cells 
can be as high as 20 to 60% (/8, 19). Further, 
metagenomic studies have revealed that genes for 
motility and chemotaxis can be common in the 
photic zone (20). Nutrient enrichment can elevate 
the motile fraction from <10 to >50% in 12 hours 
(21), which suggests either a lag time for the 
activation of motility or the occurrence of a 
rapid community shift upon episodic resource 
inputs. 

Motility is typically associated with the ability 
to respond to gradients. Laboratory observations 
have shown that marine strains are capable of 


chemotaxing into the DOM plumes emanating 
from settling particles (/0), to high phosphate 
concentrations in phosphate-limited environ- 
ments (22), toward dimethylsulfoniopropionate 
to associate with algae (23, 24), and toward lysing 
organisms (5) and cyanobacterial exudates (25). 
In a dynamic version of the phycosphere, they 
can even briefly pursue swimming algae (26). 

Motility demarcates two evolutionary strat- 
egies among marine bacteria. These are broadly 
aligned with the dichotomy between oligotrophs 
and copiotrophs. Oligotrophs, such as P. ubique, 
are adapted to life in nutrient-poor conditions. 
Their minute size (~0.4 um in diameter) allows 
them to maximize uptake per unit biomass and to 
extract nutrients at the minuscule bulk concen- 
trations characteristic of the ocean (27). Their 
streamlined genome lacks many functional and 
regulatory genes, including those for motility and 
chemotaxis (/6); The latter would be vain at any 
rate, because directed swimming is trounced by 
Brownian effects for cells <0.6 um in diameter 
(28). Streamlining also implies poor metabolic 
plasticity and an inability to exploit high-resource 
conditions (29). 


REVI 


In contrast, copiotrophs are adapted to take 
advantage of rare, resource-rich conditions: Their 
abundance of motility and chemotaxis genes, to- 
gether with fast uptake kinetics, indicate that 
their success is linked to an ability to exploit 
microscale gradients (27), and their abundance 
will be a reflection of the texture of the resource 
landscape. The metabolic flexibility of copiotrophs 
allows them to adapt rapidly to newly encoun- 
tered microenvironments (30), for example, by 
disproportionately increasing protease activity upon 
attachment to particles (3/), though their size and 
uptake kinetics would make them less competi- 
tive at low resource concentrations. 

The numerical abundance of marine bacteria 
is often dominated by nonmotile oligotrophs, such 
as members of the SAR11 clade (29). However, 
to assess the importance of copiotrophs relative 
to oligotrophs—and therefore the importance of 
microscale gradients—in shaping large-scale eco- 
system properties, one must go beyond abun- 
dance and consider activity. The relation between 
abundance and activity in the ocean remains un- 
clear (32), but there is evidence that rare taxa 
have proportionately higher potential growth rates 


Fig. 1. Marine microbial microenvironments. Disparate processes contribute to make the ocean a sea of 
gradients, from the vantage point of microorganisms, including DOM exudation by phytoplankton (top), 
cell lysis events (top right), stationary or sinking detritus and marine snow particles (bottom center), and 
copepod excretions (left). Marine bacteria adopt one of two broad strategies: They can be motile, propelling 
themselves with corkscrewlike flagella to exploit microscale gradients, or nonmotile, optimizing uptake of 
solutes diffusing to them and saving the cost of swimming. [Modified from the cover of Science, 5 February 
2010, with permission; original image credits: R. Stocker, J. R. Seymour, G. Gorick] 
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Box 1. The Batchelor scale in the ocean 


The shape of a solute patch is affected by two transport processes: diffusion and turbulence. Turbulence stirs the patch into ever-finer filaments. As a 
filament thins, the associated gradient (the concentration contrast with the background, divided by the filament width) grows. This increases the effect of 
diffusion, which is proportional to the magnitude of the gradient, in erasing the gradient. There is, hence, a scale where the effects of turbulence and diffusion 
balance. This scale is the Batchelor scale (54), (vD7/e)“, which in the sea ranges from 30 to 300 um depending on the turbulent dissipation rate e, the 
diffusivity of the solute D, and the kinematic viscosity of seawater, v. 


Turbulence stirs chemical resources of any size into a complex web of microscale gradients. Any source of a dissolved substance in the ocean (A), even 
if macroscopic, will produce a tangle of sheets and filaments (B). The characteristic scale of the resulting gradients is set by the Batchelor scale. The image on the right 
is the result of a direct numerical simulation modeling the fate of a centimeter-scale patch exposed to turbulence for 30 s (with a turbulent dissipation rate e of 10~° 


W/kg). [Image courtesy of J. R. Taylor] 


than abundant taxa (32). Bacteria on particles are 
less numerous than free-living bacteria, but they 
are frequently larger and more active (30). In an 
example from a different aquatic environment, an 
oligotrophic lake, the large (270 um*) motile 
bacterium Chromatium okenii was found to be 
responsible for >40% of total ammonium uptake 
and >70% of total carbon uptake, despite ac- 
counting for only 0.3% of the total cell number 
(33). In contrast, the small (1.2 um*) nonmotile 
Chlorobium clathratiforme only contributed 15% 
to total ammonium uptake and 15% to total 
carbon uptake, despite having a 100-fold larger 
numerical abundance and a 10% larger total bio- 
volume compared with C. okenii. Geographic 
distribution also matters: Copiotrophs are most 
abundant in the coastal ocean, where DOM inputs 
are greater (34) and impacts on biogeochemistry 
proportionally larger. Furthermore, the metabolic 
plasticity of copiotrophs suggests that they are 
the early responders to biogeochemical pertur- 
bations, as evidenced by increases in motility 
and chemotaxis after drastic events such as al- 
gal blooms (/9) and nutrient enrichments (2/). 
Whether these higher levels of activity and 
readiness to respond to change often exhibited 
by copiotrophs outweigh the numerical dominance 
of oligotrophs in shaping marine biogeochem- 


istry remains a fundamental open question in mi- 
crobial oceanography. 


Do Gradients Drive Specific Adaptations 
Among Marine Microbes? 


The abundance of oligotrophs testifies to the 
stringent trade-offs in the utilization of micro- 
scale gradients in the ocean. Because most hot 
spots are ephemeral, chemotaxis is a race against 
time, which suggests selection for advanced chemo- 
tactic strategies. Evidence for specific adaptations 
for exploiting microscale gradients includes the 
discovery of the high swimming speeds of many 
marine bacteria, whose mean velocities, often ex- 
ceeding 60 to 80 um/s (0, 21, 22, 24), dwarf the 
15 to 30 um/s of Escherichia coli and allow fast 
chemotactic responses and large increases in po- 
tential nutrient uptakes (10, 24). 

Rapid swimming has major energetic impli- 
cations. The persistent viewpoint that motility is 
inexpensive for bacteria was developed for slow 
swimmers (E. co/i) in nutrient-rich (e.g., enteric) 
environments (35) and is unlikely to apply in the 
ocean, where nutrients are orders of magnitude 
scarcer and the required propulsive power, pro- 
portional to speed squared, is more than 10 times 
as great. A model of competition for a nutrient 
patch between motile and nonmotile bacteria 


revealed a trade-off between the additional uptake 
afforded by swimming toward nutrient-rich fila- 
ments (see the Box) and the energetic cost of 
motility to find and reach filaments (36). Optimal 
predicted swimming velocities (~60 um/s) fall 
within the observed range, which suggests that 
bioenergetic trade-offs are important in determin- 
ing adaptations to microscale gradients. 

Given the high energetic cost of motility, cells 
might have evolved adaptive strategies to exploit 
gradients, for example by activating motility only 
when the resource landscape justifies it. The ques- 
tion is “Can marine bacteria actively modulate 
motility, and over what time scales?” Recorded 
lags of several hours (2/) suggest that motility is 
not tunable over the lifetime of an individual patch 
(~10 min), but can be resumed after episodic nu- 
trient inputs. Yet, other evidence suggests that 
motility is highly intermittent at time scales of 
tens of seconds (/9). 

Another potentially ocean-specific adap- 
tation is the hybrid swimming pattern of some 
monotrichous (1.e., having a single flagellum) 
marine bacteria, such as Vibrio alginolyticus and 
Pseudoalteromonas haloplanktis. These bacteria 
deviate from E. coli’s prototypical swimming be- 
havior, alternating reversals in direction with strong 
reorientations caused by a rapid “flick” of the 
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flagellum (37). This is likely a strategy that guar- 
antees effective turning, while requiring the syn- 
thesis of only a single flagellum, again highlighting 
that microbial motility in the ocean might be 
best understood in a cost-benefit framework. 


Do Microscale Gradients Affect Species 
Composition and Diversity? 


Gradients can provide a fitness advantage to mo- 
tile cells. Mathematical models predict that growth 
rates increase 50% for cells that cluster around 
nutrient patches (38) and up to 10-fold for those 
chemotaxing into DOM plumes (9). These esti- 
mates are consistent with microfluidic experiments, 
which revealed a fourfold increase in potential 
uptake rates for bacteria responding to plumes 
over those that cannot (/0). 

Likely as a result of the fitness implications of 
gradients, microenvironments can affect species 


composition. For example, bacteria on particles 
are taxonomically different from free-living bacte- 
ria (39), and laboratory manipulations have shown 
that the dominant phylotypes change during a 
diatom bloom (40). Can gradients, i.e., the intri- 
cacy of the microscale nutrient landscape, also 
affect species diversity? Because spatial and tem- 
poral gradients in the nutrient landscape repre- 
sent two formidable dimensions in niche space, 
it seems plausible that the diversity of motile 
bacteria is, on average, larger than the diversity 
of nonmotile bacteria. On the one hand, the high 
diversity among copiotrophs such as Vibrios 
and the association of clusters of closely related 
Vibrionaceae with distinct microenvironments 
(41) is in line with this prediction: Could chemo- 
tactic motility, widespread among Vibrios, have 
contributed to determine these diversity patterns? 
On the other hand, it remains difficult to compare 


REVIEW 


the degree of diversity among clades and thus to 
determine whether microscale gradients repre- 
sent a fundamental determinant of diversity and 
whether the diversity of copiotrophs is in general 
larger than the diversity of oligotrophs. These 
questions represent exciting targets for future mo- 
lecular investigations. 


Can Microscale Gradients Affect 
Ocean Biogeochemistry? 


The consequences of microscale gradients on 
biogeochemical dynamics and productivity are 
less intuitive. The most naive interpretation is that 
microscale interactions simply average out. Sev- 
eral pieces of evidence indicate that this is not the 
case, but a consistent framework is lacking. 
Macroscopic dynamics in patchy environments 
can differ significantly from mean-field descrip- 
tions based on bulk seawater concentrations. For 
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Fig. 2. The fate of the DOM from a patch. In order to understand the 
consequences of motility and the utilization of microscale gradients, it is 
useful to consider two scenarios: an ocean of nonmotile bacteria and one of 
motile (and chemotactic) bacteria. (A) A patch of DOM appearing within 
a suspension of bacteria can attract motile cells, whereas nonmotile cells 
remain randomly distributed. (A and B) DOM eventually diffuses into 
background concentrations, typically over time scales of minutes. (A and C) 
Chemotaxis into the patch can result in faster DOM consumption by motile 
bacteria, compared with nonmotile bacteria. Ultimately, however, the 
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entire DOM from the patch is consumed in both cases, unless other 
processes intervene to reduce the bioavailability of DOM during the short 
(~minutes) time lag in DOM consumption between nonmotile and motile 
bacteria (see text). (D) Consumption by motile bacteria could increase the 
fraction of DOM that is transformed into biomass, if motile bacteria have 
higher BGE than nonmotile bacteria. Differences in BGE would have direct 
effects on the flow of carbon through the microbial loop and on biogeo- 
chemical fluxes and, thus, represent an important target for experimental 
quantification. 
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example, bacterial chemotaxis to microscale DOM 
gradients has been predicted to increase remin- 
eralization rates twofold (42). For phytoplank- 
ton, modeling predicts that productivity is several 
times larger in heterogeneous than in homoge- 
neous conditions (43). Similarly, observations of 
phytoplankton growth in the face of nondetect- 
able levels of limiting nutrients have been at- 
tributed to intermittent nutrient pulses (44). 

To identify potential effects of microscale 
gradients on biogeochemical fluxes, it is instruc- 
tive to consider how a small DOM patch affects 
bacteria, for nonmotile bacteria and for chemo- 
tactic bacteria (Fig. 2A). Only a minuscule frac- 
tion of the bacteria will initially find themselves 
by chance inside the patch, yet typically, most are 
within 100 to 1000 um of the next patch (45). As 
the patch diffuses (Fig. 2, A and B), nonmotile 
cells remain randomly distributed, whereas many 
motile cells cluster inside the patch within tens of 
seconds (5, /0, 24). Does this behavior affect the 
total amount of DOM transformed into bacterial 
biomass? We need to consider that the entire 
DOM from the patch, which diffuses to uniform- 
ity within minutes, might ultimately be consumed 
in both the motile and the nonmotile scenarios, in 
which case DOM consumption may simply be 
accelerated if perpetrated by motile bacteria (Fig. 
2C). In other words, do responses to microscale 
gradients purely change the time scale over which 
DOM is remineralized or also the total amount of 
DOM that is remineralized? 

There are several mechanisms by which dif- 
ferential gradient utilization may affect total 
amounts, not only time scales. A first mechanism 
relates to the bacterial growth efficiency (BGE), 
the fraction of carbon taken up that cells incor- 
porate as biomass (the remainder, they respire). 
BGE increases with growth rate and with 
resource concentration when measured across 
different marine provinces (6). Given the higher 
concentrations within patches and the higher 
maximum growth rates of copiotrophs, might 
copiotrophs have larger BGEs than oligotrophs? 
If metabolic studies were to verify this hypoth- 
esis, then DOM uptake by copiotrophs would 
channel more carbon into the microbial loop 
than uptake by oligotrophs (Fig. 2D). 

A second mechanism concerns the feedback 
between primary production and remineraliza- 
tion. By clustering near phytoplankton (4), motile 
bacteria may not only accelerate remineralization 
of algal DOM but also enhance the productivity 
of phytoplankton by supplying them with inor- 
ganic nutrients. Evidence for the pervasiveness of 
these associations has come from atomic force 
microscopy measurements, which recently re- 
vealed that heterotrophic bacteria and cyanobac- 
teria are “conjoint” on average 30% of the time 
(46). Calculations predict that motile bacteria have 
orders-of-magnitude higher chances of ending up 
conjoint than nonmotile bacteria and that this 
propinquity markedly increases solute fluxes be- 
tween heterotrophs and autotrophs. A further ex- 
ample is the remineralization of organic matter 


on sinking marine snow particles, which favors 
the retention of limiting elements in the upper 
water column and thereby stimulates primary pro- 
duction and the formation of more marine snow. 
Motility can enhance this process by increasing 
particle colonization rates up to fivefold (9). 
Finally, the time lag in DOM consumption by 
nonmotile bacteria compared with motile bacte- 
ria (Fig. 2C), which are faster at locating DOM 
patches, may reduce the metabolic accessibility 
of DOM, because the latter becomes increasingly 
refractory over time (3, 47). It remains to be de- 
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Fig. 3. Optimal foraging. The nutrient concentra- 
tion encountered by marine bacteria varies consid- 
erably over time scales as short as seconds to minutes, 
owing to pervasive chemical and physical gradients 
in their immediate environment. For motile bacte- 
ria, which actively exploit nutrient gradients, this 
variability is greater than for nonmotile bacteria. 
Optimal foraging frameworks—where utilization of 
nutrient patches is weighted against the cost of mo- 
tility but also, e.g., against the increased risks of 
predation and viral infection—promise to help de- 
termine the dominant foraging strategies of marine 
bacteria as a function of the environmental condi- 
tions. These frameworks will require new informa- 
tion on bacterial metabolism, including, for example, 
the dependence of uptake kinetics and BGE on nu- 
trient concentration, to determine to what extent 
the behavioral responses of bacteria to microscale 
gradients affect ocean ecosystem-level properties. 


termined whether this degradation affects DOM 
bioavailability on the time scale (~minutes) of 
the consumption lag. 

Behavioral responses to microenvironments 
can also have indirect effects on biogeochemistry. 
The attachment of heterotrophic bacteria to dia- 
toms can favor diatom aggregation by stimulating 
the production of sticky extracellular polymers 
(48). Aggregation accelerates sinking and, thus, 
the efficiency of the biological pump in trans- 
porting carbon from the surface ocean to depth. 
Bacterial attachment to diatoms, in turn, could be 
strongly favored by algal exudate gradients and 


bacterial motility, particularly during the algae’s 
stickier senescent phase (4). 


Outlook: Shrinking Our Fields of View While 
Expanding Our Ecological Frameworks 


Advances in microbial oceanography have been 
repeatedly triggered by new tools, from the flu- 
orescent staining of cells to flow cytometry to 
metagenomics. As we begin to appreciate how 
heterogeneous and diverse the world of marine 
microbes is, there is now scope for techniques 
that probe this world at the scale of single cells 
and microenvironments. Bulk sampling tech- 
niques, where liters of water are collected and 
homogenized, provide valuable information on 
the mean microbial environment but cannot cap- 
ture the local conditions experienced by microbes. 
To do so, we must shrink our operational field 
of view. Exciting opportunities are in sight on a 
number of fronts: Genomics is reaching single- 
cell resolution (49), secondary ion mass spectrom- 
etry (nanoSIMS) is revealing the chemical signature 
of individual cells (50), atomic force microscopy 
is shedding light on the spatial organization of 
marine microbes (46), and microfluidic technol- 
ogy is unveiling microbial behavior within realis- 
tic microenvironments (/0, 24, 25, 51). Yet, it 
remains difficult to interrogate microenvironments 
in situ, owing to their small volumes and inter- 
mittent nature: There is “plenty of room at the 
bottom” for measurements of microbial behavior 
and the microscale chemical concentration gra- 
dients that shape it. 

Tools, however, are not the sole limiting fac- 
tor in our understanding of microbial ecology in 
the context of a heterogeneous microlandscape. 
We also lack quantitative ecological frameworks 
to rationalize and scale up microenvironmental 
processes. Unraveling the relation between gradi- 
ents and motility; between patchiness and diver- 
sity; and between behavior, uptake kinetics, and 
biogeochemical fluxes calls for theoretical ecol- 
ogists to dive into microbial oceanography. Mi- 
crobes’ fast generation times, vast numbers, disparate 
interactions, and rich spatial organization make 
microbial oceanography an intriguing, yet under- 
appreciated, model system for testing ecological 
theory. Glimpses of this trend can be seen in 
microbial biogeography, where predictions for 
taxa-area relations and longitudinal gradients in 
species abundance have been recently tested on 
marine microorganisms (52). 

In contrast, little ecological theory has been 
applied at the scale of microbial microenviron- 
ments. Fitness-based models can provide unify- 
ing frameworks to evaluate the role of specific 
adaptations, such as high swimming speeds, hy- 
brid locomotion, and metabolic plasticity. For 
example, the bacterial nutrient quest in a sea of 
microscale patches is a quintessential optimal for- 
aging problem (Fig. 3). Optimal foraging theory 
predicts the movement behavior that maximizes 
the fitness of an organism whose resources are 
heterogeneous (53). Motile marine bacteria live in 
a dynamic equilibrium between disparate micro- 
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environments: What strategies do they adopt to 
optimize foraging and fitness? Might only a mi- 
nority of cells stumble upon the right combina- 
tion of nutrient patches and survive, Le., is the 
mean motile bacterium a dead bacterium? How 
are gene expression and uptake kinetics tuned to 
the intermittency of nutrient encounters? How do 
episodic events, such as blooms and spills, and 
top-down controls, such as predation and viral 
lysis, play into the competition and succession 
between oligotrophs and copiotrophs? If new ap- 
proaches to quantify the metabolism and behavior 
of marine bacteria at the level of single cells can 
be brought to bear onto these questions and if the 
resulting insights can be integrated into compre- 
hensive ecological frameworks, we will achieve a 
deeper understanding of the functions of bacteria 
in the oceans and, ultimately, improve our ability 
to predict the dynamics of Earth’s biosphere. 
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A Quantum Delayed-Choice Experiment 


Alberto Peruzzo,’* Peter Shadbolt,?* Nicolas Brunner,”t Sandu Popescu, Jeremy L. O’Brien*+ 


Quantum systems exhibit particle- or wavelike behavior depending on the experimental apparatus 
they are confronted by. This wave-particle duality is at the heart of quantum mechanics. Its 
paradoxical nature is best captured in the delayed-choice thought experiment, in which a photon is 
forced to choose a behavior before the observer decides what to measure. Here, we report on 

a quantum delayed-choice experiment in which both particle and wave behaviors are investigated 
simultaneously. The genuinely quantum nature of the photon’s behavior is certified via nonlocality, 
which here replaces the delayed choice of the observer in the original experiment. We observed 
strong nonlocal correlations, which show that the photon must simultaneously behave both as a 


particle and as a wave. 


uantum mechanics predicts with remark- 

able accuracy the result of experiments 

involving small objects, such as atoms 

and photons. However, when looking 
more closely at these predictions we are forced 
to admit that they defy our intuition. Indeed, 
quantum mechanics tells us that a single particle 
can be in several places at the same time, and 
that distant entangled particles behave as a sin- 
gle physical object no matter how far apart they 
are (/). 

In trying to grasp the basic principles of the 
theory—in particular, to understand more intu- 
itively the behavior of quantum particles—the 
notion of wave-particle duality was introduced 
(2). A quantum system—for instance, a photon— 
may behave either as a particle or a wave. How- 
ever, the way in which it behaves depends on the 
kind of experimental apparatus with which it is 
measured. Hence, both aspects, particle and wave, 
which appear to be incompatible, are never ob- 
served simultaneously (3). This is the notion of 
complementarity in quantum mechanics (4-7), 
which is central in the standard Copenhagen 
interpretation and has been intensely debated 
in the past. 

In an effort to reconcile quantum predictions 
and common sense, it was suggested that quan- 
tum particles may in fact know in advance to 
which experiment they will be confronted, via 
a hidden variable, and could thus decide which 
behavior to exhibit. This simplistic argument was, 
however, challenged by Wheeler in his elegant 
“delayed choice” arrangement (S—/0). In this 
gedanken experiment, as shown in Fig. 1A, a 
quantum particle is sent toward a Mach-Zender 
interferometer. The relative phase ~ between 
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the two arms of the interferometer can be ad- 
jJusted so that the particle will emerge in output 
D' with certainty. That is, the interference is 
fully constructive in output D’ and fully de- 
structive in output D”. This measurement thus 
clearly highlights the wave aspect of the quan- 
tum particle. However, the observer performing 
the experiment has the choice of modifying 
the above experiment, in particular by remov- 
ing the second beamsplitter of the interferom- 
eter. In this case, he will perform a which-path 
measurement. The photon will be detected in 
each mode with probability one half, thus ex- 
hibiting particle-like behavior. The main point 
is that the experimentalist is free to choose which 
experiment to perform (interference or which- 
path, thus testing the wave or the particle as- 
pect) once the particle is already inside the 
interferometer. Thus, the particle could not have 
known in advance (for instance via a hidden 
variable) the kind of experiment with which it 
will be confronted because this choice was 
simply not made when the particle entered 
the interferometer. Wheeler’s experiment has 
been implemented experimentally by using var- 
ious systems, all confirming quantum predictions 
(J/-15). In a recent experiment with single pho- 
tons, a spacelike separation between the choice 
of measurement and the moment the photon 
enters the interferometer was achieved (/6). 
We explored a conceptually different take 
on Wheeler’s experiment. Our starting point is a 
recent theoretical proposal (/7) of a delayed- 
choice experiment based on a quantum-controlled 
beamsplitter, which can be in a superposition 
of present and absent. Hence, the interferom- 
eter can be simultaneously closed and open, 
thus testing both the wave and the particle be- 
havior of the photon at the same time. Using a 
reconfigurable integrated quantum photonic cir- 
cuit (18), we implemented an interferometer fea- 
turing such a quantum beamsplitter, observing 
continuous morphing between wave and particle 
behavior (17). However, this morphing behavior 
can be reproduced by a simple classical model, 
and this loophole also plagues both the theoret- 
ical proposal of (/7) as well as two of its recent 


nuclear magnetic resonance (NMR) implemen- 
tations (79, 20). In order to overcome this issue, 
we then experimentally demonstrated a quantum 
delayed-choice scheme based on Bell’s inequality 
(21), which allowed us to test the most general 
classical model. The main conceptual novelty of 
this scheme is that the temporal arrangement 
of Wheeler’s original proposal—the delayed 
choice of closing the interferometer or not—is 
not necessary anymore. Instead, we certify the 
quantum nature of the photon’s behavior by 
observing the violation of a Bell inequality. This 
demonstrates in a device-independent way— 
that is, without making assumptions about the 
functioning of the devices—that no local hidden 
variable model can reproduce the quantum pre- 
dictions. In other words, no model in which 
the photon decided in advance which behavior 
to exhibit—knowing in advance the measurement 
setup—can account for the observed statistics. 
In our experiment, we achieve strong Bell in- 
equality violations, hence giving an experimen- 
tal refutation to such hidden variable models, up 
to a few additional assumptions about the imple- 
mentation that are regularly used in experimen- 
tal Bell tests. 

Our scheme is presented in Fig. 1B. A single 
photon (our system) is sent through an inter- 
ferometer. At the first beamsplitter, the photon 
evolves into a superposition of the two spatial 
modes, represented by two orthogonal quantum 
states |0), and |1),. Formally, this first beam- 
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Fig. 1. Quantum delayed-choice experiment. (A) 
Schematic of Wheeler's original delayed-choice 
experiment. A photon is sent into a Mach-Zehnder 
interferometer and split into a superposition across 
both paths at the first beamsplitter (solid blue 
line). By inserting (or not) the second beamsplit- 
ter (dashed blue line), wave (or particle) behavior 
can be observed at detectors D’ or D”. (B) Schematic 
of the quantum delayed-choice experiment. The 
second beamsplitter is now a quantum beamsplit- 
ter (represented by a controlled-Hadamard opera- 
tion), which can be set in a superposition of present 
and absent by controlling the state of an ancilla 
photon hy). 


2 NOVEMBER 2012 VOL 338 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on November 3, 2012 


splitter is represented by a Hadamard operation 
(22), which transforms the initial photon state 
0), into the superposition (|0), + |1),)/V2. A 
phase shifter then modifies the relative phase 
between the two modes, resulting in the state 
ly)s = (0), + e”°|1),)/W2. Both modes are 
then recombined on a second beamsplitter before 
a final measurement in the logical ({|0),, |1),}) 
basis. In the standard delayed-choice experiment, 
the presence of this second beamsplitter is con- 
trolled by the observer (see Fig. 1A). For a closed 
interferometer, the statistics of the measurements 
at detectors D’ and D” will depend on the phase 
~, revealing the wave nature of the photon. For 
an open interferometer, both detectors will click 
with equal probability, revealing the particle na- 
ture of the photon. 

Here, on the contrary, the presence of the sec- 
ond beamsplitter depends on the state of an an- 
cillary photon. If the ancilla photon is prepared 
in the state |0),, no beamsplitter is present; hence, 
the interferometer is left open. Formally, this cor- 
responds to the identity operator acting on hy),, 
resulting in the state 


1 


a Ors +e" |1)s) 


(1) 


| W)s,particle = 


The final measurement (in the {|0),, |1),} basis) 
indicates which path the photon took, revealing 
the particle nature of the photon. The measured 
intensities in both output modes are equal and 
phase-independent, J, = Ip» = 1/2. 

If, however, the ancilla photon is prepared in 
the state |1),,, the beamsplitter is present, and the 
interferometer is therefore closed. Formally, this 
corresponds to applying the Hadamard opera- 
tion to fy),, resulting in the state 


|W)s,wave = cost |0)s -i sin | 1); (2) 


The final measurement gives information about 
the phase ~ that was applied in the interferome- 
ter, but indeed not about which path the photon 


Fig. 2. Implementation 
of the quantum delayed- 
choice experiment on a 
reconfigurable integrated 
photonic device. Non- 
entangled photon pairs 
are generated by using 
type | parametric down- 
conversion and injected 
into the chip by using 
polarization maintaining 
fibers (not shown). The 
system photon (s), in the 
lower part of the circuit, 


enters the interferometer at the Hadamard gate (H). A relative phase @ is 
applied between the two modes of the interferometer. Then, the controlled- 
Hadamard (CH) is implemented by a nondeterministic CZ gate with two 
additional MZ interferometers. The ancilla photon (a), in the top part of the 
circuit, is controlled by the phase shifter a, which determines the quantum 


took. The measured intensities are I: = cos*(p/2) 
and Ip» = sin’(@/2). 

The main feature of this quantum controlled 
beamsplitter is that it can be put in a superpo- 
sition of being present and absent. Indeed, if the 
ancilla photon is initially in a superposition—for 
instance, in the state [y), = cosc|0), + sino|1),— 
then the global state of the system evolves into 


¥-(0.,)) = COSA) >. particte|O)a + 
(3) 


sing| W)s,wavel 1 da 
The system and ancilla photons now become en- 
tangled, when 0 < a < 7/2. 
The measured intensity at detector D' is then 
given by 


Ip (@,a) = Tparticle(P)COS” Ct a Tyeave(P)SiN’ 0. 


1 
5 cosa 4 


(4) 
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whereas intensity at D” is Ip(p, a.) = 1 — Ip(@, a). 

We fabricated the quantum circuit shown in 
Fig. 2 in a silica-on-silicon photonic chip (/8). 
The Hadamard operation is implemented by a 
directional coupler of reflectivity 1/2, which is 
equivalent to a 50/50 beamsplitter. The controlled- 
Hadamard (CH) is based on a nondeterministic 
control-phase gate (23, 24). The system and an- 
cilla photon pairs are generated at 808 nm via 
parametric down conversion and detected with 
silicon avalanche photodiodes at the circuit’s 
output. 

We first characterized the behavior of our 
setup for various quantum states of the an- 
cilla photon. We measured the output intensities 
Ip(¢, a) and Ip”(@, a) for ao € [0, 2/2], and @ € 
[-1/2, 3 n/2]. In particular, by increasing the 
value of a we observe the morphing between 
a particle measurement (a = 0) and a wave mea- 
surement (a = 1/2). For a = 0 (no beamsplitter), 
the measured intensities are independent of ¢. 
For a = 2/2, the beamsplitter is present, and the 
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data shows interference fringes. Our results are 
in excellent agreement with theoretical predic- 
tions (Fig. 3). 

To achieve our main goal—to refute models 
in which the photon knows in advance with 
which setup it will be confronted—we must go 
one step further. Indeed, the result of Fig. 3 does 
not refute such models. Although we have in- 
serted the ancilla photon in a superposition, hence 
testing both wave and particle aspects at the same 
time, we have in fact not checked the quantum 
nature of this superposition. This is because the 
final measurement of the ancilla photon was made 
in the logical ({|0),, |1),}) basis. Therefore, we can- 
not exclude the fact that the ancilla may have been 
in a statistical mixture of the form cos*o|0\O|, + 
sin’a|1\(1|,, which would lead to the same mea- 
sured statistics. Hence, the data can be explained 
by a classical model, in which the state of the 
ancilla represents a classical variable (a classical 
bit) indicating which measurement, particle or 
wave, will be performed. Because the state of the 
ancilla may have been known to the system pho- 
ton in advance—indeed, here no delayed choice 
is performed by the observer—no conclusion can 
be drawn from this experiment. This loophole 
also plagues the recent theoretical proposal of 
(17), as well as two of its NMR implementations 
(19, 20). 

In order to show that the measurement choice 
could not have been known in advance, we must 
ensure that our quantum controlled beamsplitter 
behaves in a genuine quantum way. In particular, 
we must ensure that it creates entanglement be- 
tween the system and ancilla photons, which is the 
clear signature of a quantum process. The global 
state of the system and ancilla photons, given in 
Eq. 3, is entangled for all values 0 < a < 7/2. 
Because (Wparticlel Wwave) ~ Cos@, the degree of 
entanglement depends on @ and a; in particular, 
for 0 = n/4 and ~ = 7/2 the state in Eq. 3 is 
maximally entangled. 

In order to certify the presence of this entan- 
glement, we tested the Clauser-Horne-Shimony- 
Holt (CHSH) Bell inequality (25), the violation 


state of the second beamsplitter—a superposition of present and absent. 
Last, the local measurements for the Bell test are performed through single- 
qubit rotations (U, and Ug) followed by APDs. The circuit is composed of 
directional couplers of reflectivity 1/2 (dc,_5 and dcg_13) and 1/3 (dcg_g) and 
resistive heaters (orange rectangles) that implement the phase shifters (25). 
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of which would imply in a device-independent 
way that the measured data could not have been 
produced by a classical model. In the CHSH Bell 
scenario, each party (here, Alice holds the sys- 
tem photon while Bob holds the ancilla photon) 
chooses among two possible measurement set- 
tings, denoted x = 0,1 for Alice and y = 0,1 for 
Bob. Each measurement is dichotomic, giving a 
binary result A, = +1 and B, = +1. The CHSH 
inequality then reads 


S' = (ApBo) + (AoB1) + (A1Bo) — (A1B1) S 2 (5) 


This represents a Bell inequality in the sense 
that any local model must satisfy it. 

Indeed, this inequality can be violated by 
making judiciously chosen local measurements 
on certain entangled states. We measured S for 
the output state |Y(a, ~)) for a € [0, n/2] and 
@ € [-n/2, 31/2]. We tailored the local mea- 


A 


1.0 


Ty 0.5 Y 


3/2 


surement operators of Alice and Bob [adjusting 
phase shifters 5, 6, and 8 (26)] for the maxi- 
mally entangled state ¥;(a = 1/4, ~ = 1/2)). 
Hence, for this state we expect the maximal pos- 
sible violation of the CHSH inequality in quan- 
tum mechanics—namely, S = 2\/2 (27). The 
choice of apparatus in Wheeler’s original setup 
is here, in some sense, replaced by the choice of 
measurement settings for the Bell test. The latter 
choice is nevertheless conceptually different from 
the former, in that it can be performed after the 
photon left the interferometer. 

Experimentally, we observed a maximal vio- 
lation of S = 2.45 + 0.03 for o = 1/4 and ~ = 2/2, 
which is in good agreement with theoretical pre- 
dictions (Fig. 4). Therefore, our data could not 
have been accounted for by any model in which 
the system photon would have known in ad- 
vance whether to behave as a particle or as a 
wave. However, for this claim to hold without 


B 


30/2 


Fig. 3. Characterization of the continuous transition between wave and particle behavior. (A) Measured 
and (B) simulated intensity at detector D’ when continuously tuning the state of the ancilla photon hy),. 
The experimental data (white dots) were fitted by using Eq. 4. The data shows excellent agreement with 
theoretical predictions. Error bars due to Poissonian noise are smaller than the data points; hence, they 
are not drawn. The discrepancy between the experimental and theoretical results is not due to statistical 
fluctuations but to imperfection in the device calibration. 
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Fig. 4. Experimental Bell-CHSH inequality test. (A) Measured and (B) simulated Bell-CHSH parameter 
S (Eq. 1). When the CHSH inequality is violated—when S > 2 [yellow dots in (A) and yellow circle in 
(B)]—no local hidden variable model can explain the observed data, hence demonstrating genuine 
quantum behavior. The maximal experimental violation (S = 2.45 + 0.03) is achieved for « = 7/4 and 
@ = 7/2, as expected. The data are in excellent agreement with theoretical predictions. Error bars due 
to Poissonian noise are smaller than the data points; hence, they are not drawn. The discrepancy 
between the experimental and theoretical results is not due to statistical fluctuations but to imper- 
fection in the device calibration. 


making further assumptions, a loophole-free Bell 
inequality violation is required. This is not the 
case in our experiment, as in all optical Bell tests 
performed so far, which forces us to make a few 
additional assumptions. We make the standard 
fair-sampling assumption (allowing us to dis- 
card inconclusive results and postselect only co- 
incidence events), which must here be slightly 
strengthened because of the nondeterministic 
implementation of the controlled Hadamard op- 
eration. We must also assume independence be- 
tween the photon source and the choice of 
measurement setting used in the Bell inequality 
test. As usual, if the photons could know in ad- 
vance the choice of measurement setting in the 
Bell test, then a local model can mimic Bell in- 
equality violations. It would be interesting to per- 
form a more refined experiment in which these 
assumptions could be relaxed (28, 29). 

We have reported on a quantum delayed- 
choice experiment, giving a novel demonstration 
of wave-particle duality, Feynman's “one real 
mystery” in quantum mechanics. In our experi- 
ment, the delayed choice of Wheeler’s proposal 
is replaced by a quantum controlled beamsplit- 
ter followed by a Bell inequality test. In this 
way, we demonstrate genuine quantum behav- 
ior of single photons. The demonstration of a 
quantum controlled beamsplitter shows that a 
single measurement device can continuously 
tune between particle and wave measurements, 
hence pointing toward a more refined notion 
of complementarity in quantum mechanics 
(17, 30-32). 

Note added in proof. We note a related work 
of Kaiser et al. (33), who performed a similar 
quantum delayed-choice experiment. 
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Entanglement-Enabled 
Delayed-Choice Experiment 


Florian Kaiser,? Thomas Coudreau,” Pérola Milman,”? Daniel B. Ostrowsky,? Sébastien Tanzilli?* 


Wave-particle complementarity is one of the most intriguing features of quantum physics. To 
emphasize this measurement apparatus—dependent nature, experiments have been performed 

in which the output beam splitter of a Mach-Zehnder interferometer is inserted or removed after 
a photon has already entered the device. A recent extension suggested using a quantum beam 
splitter at the interferometer’s output; we achieve this using pairs of polarization-entangled 
photons. One photon is tested in the interferometer and is detected, whereas the other allows 
us to determine whether wave, particle, or intermediate behaviors have been observed. Furthermore, 
this experiment allows us to continuously morph the tested photon’s behavior from wavelike to 
particle-like, which illustrates the inadequacy of a naive wave or particle description of light. 


Ithough the predictions of quantum me- 
Asn: have been verified with marked 

precision, subtle questions arise when 
attempting to describe quantum phenomena in 
classical terms (/, 2). For example, a single quan- 
tum object can behave as a wave or as a particle. 
This concept is illustrated by Bohr’s complemen- 
tarity principle (3) which states that, depending 
on the measurement apparatus, either wave or 
particle behavior is observed (4, 5). This is dem- 
onstrated by sending single photons into a Mach- 
Zehnder interferometer (MZI) followed by two 
detectors (Fig. 1A) (6). If the MZI is closed [that 
is, if the paths of the interferometer are recom- 
bined at the output beam splitter (BS2)], the prob- 
abilities for a photon to exit at detectors D, and 
D, depend on the phase difference 6 between 
the two arms. The which-path information remains 
unknown, and wavelike intensity interference pat- 
terns are observed (Fig. 1B). On the other hand, 
if the MZI is open (i.e., if BS3 is removed), each 
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photon’s path can be known, and consequently, no 
interference occurs. Particle behavior is said to be 
observed, and the detection probabilities at D, 
and D, are equal to 2, independent of the value 
of 6 (Fig. 1C). In other words, these two different 
configurations—BS, present or absent—give dif- 
ferent experimental results. Recently, Jacques et al. 
have shown that, even when performing Wheeler’s 
original gedanken experiment (7) in which the 
configuration for BS, is chosen only after the 
photon has passed the entrance beam splitter BS;, 
Bohr’s complementarity principle is still obeyed 
(8). Intermediate cases, in which BS; is only par- 
tially present, have been considered in theory and 
led to a more general description of Bohr’s com- 
plementarity principle expressed by an inequality 
limiting the simultaneously available amount of 
interference (signature of wavelike behavior) and 
which-path information (particle-like behavior) 
(9, 10). This inequality has also been confirmed 
experimentally in delayed-choice configurations 
(1, 12). 

We take Wheeler’s experiment one step fur- 
ther by replacing the output beam splitter by a 
quantum beam splitter (QBS), as theoretically pro- 
posed of late (73, /4). In our experiment (Fig. 2), 
we exploit polarization entanglement as a re- 
source for two reasons. First, doing so permits 
implementing the QBS. Second, it allows us 
to use one of the entangled photons as a test 


photon sent to the interferometer and the other 
one as a corroborative photon. Here, as opposed 
to previous experiments (8, //), the state of the 
interferometer remains unknown, as does the 
wave or particle behavior of the test photon, until 
we detect the corroborative photon. By continuous- 
ly modifying the type of measurement performed 
on the corroborative photon, we can morph the 
test photon from wave to particle behavior, even 
after the test photon was detected. To exclude 
interpretations based on either mixed states, as- 
sociated with preexisting state information (/5), 
or potential communication between the two pho- 
tons, the presence of entanglement is verified via 
the violation of the Bell inequalities with a space- 
like separation (/6-/8). 

The QBS is based on the idea that when a 
photon in an arbitrary polarization state enters 
an interferometer that is open for |H) (horizon- 
tally polarized) and closed for |V) (vertically 
polarized) photons, the states of the interferom- 
eter and the photon become correlated. Our ap- 
paratus, shown in the right-hand side of Fig. 2 
and detailed in fig. S1, therefore reveals a particle 
behavior for the |H) component of the photon 
state and a wave behavior for the |V) compo- 
nent. Note that such an experiment has been 
realized with the use of single photons prepared 
in a coherent superposition of |H) and [V) (/2). 
However, we take this idea a step further by 
achieving genuine quantum behavior for the out- 
put beam splitter by exploiting an intrinsically 
quantum resource, entanglement. This allows us 
to entangle the quantum beam splitter and test 
photon system with the corroborative photon. Thus, 
measurement of the corroborative photon enables 
us to project the test photon—-QBS system into an 
arbitrary coherent wave-particle superposition, which 
is a purely quantum object. In other words, our 
QBS is measured by another quantum object, 
which projects it into a particular superposition 
of present and absent states. More precisely, we 
use as a test photon one of the photons from 
the maximally polarization-entangled Bell state 


|\ory = a (cht, + c\,t\,)|vac), produced at the 


wavelength of 1560 nm using the source de- 
scribed in (/9). Here, using the notation of Fig. 2, 
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cl,(tl,) and cl.(t},) represent creation operators 


for horizontally and vertically polarized pho- 
tonic modes, respectively, propagating toward 
the corroborative (test) photon apparatus. More- 
over, |vac) represents the vacuum state. Using 
an entangled state of this form ensures maximum 
randomness of the input polarization state of the 
test photon (4), which enters an MZI with a QBS 
for the output beam splitter. 

The actual QBS device is made up of two 
components. The first is a polarization-dependent 
beam splitter (PDBS) that shows close to 100% 
reflection for horizontally polarized photons and 
provides an ordinary 50/50 splitting ratio for 
the vertically polarized photons. The PDBS is 
realized using a combination of standard bulk 
optical components, as described in supplementary 
text S1. The whole state after the PDBS reads 


Pk as 

Ie) = 5 (ch(-eMaly + ib) 4 
1 Ai pi - - i0) , fT 1 
acy y (it ie”) + ay( 


e®))) vac) 
(1) 


Here, @ is an adjustable phase shift in the in- 
terferometer, 7 is the complex imaginary unit, and 
ay» Ay, bi, and Bi, symbolize creation operators 
for test photons propagating toward PBS, and 
PBS, respectively. At this point, each polariza- 
tion state of the test photon is associated with one 
of the two complementary types of behaviors, 
wave and particle. 

The second stage consists of polarizing beam 
splitters (PBS, and PBS;) oriented at 45° to the 
{H, V} basis, which permits the erasure of all 
polarization information that potentially existed at 
the PDBS output (4, 5, 20). Equation 1 becomes 


(cl, [particle|" + cl, [wave]")|vac) 


A 
2 


i(1 + e!)(-b + b"*)) (4) 


Here, the creation operators a", a’, b", and 
b' denote photons propagating toward detec- 
tors Dy, Dy, Dy, and Dy”, respectively. Conse- 
quently, the only way of knowing if wave or 
particle behavior was observed is by examining 
the corroborative photon. 

The corroborative photon measurement ap- 
paratus, as shown on the left-hand side of Fig. 2, 
consists of two stages. The first is an electro-optic 
phase modulator that allows us to rotate the 
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Fig. 1. (A) Wheeler’s gedanken experiment using an MZI. The device consists of two beam splitters, BS, 
and BS,; a glass plate introducing a phase shift 6; and two detectors, D, and D,, at its output. (B) 
Simulated photon-detection probabilities at detectors D, and D, as a function of the phase 8. The 
sinusoidal oscillations are related to unknown path information and, therefore, to single-photon 
interference, which is a wavelike phenomenon. rad, radians. (C) Detection probabilities without BS>. No 
interference is observed, which is the signature of particle behavior. 
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Fig. 2. Experimental setup. Via a single-mode optical fiber, a source of polarization-entangled photons [A = 
1560 nm, see (23) for more details] sends one photon (f) to a QBS apparatus, which is an open (or closed) 
MZI for horizontally (or vertically) polarized photons. This is enabled by the use of a PDBS. The second 
photon (c) of the entangled state is sent to another laboratory 20 m away (spacelike separation) and used as 
a “corroborative” photon, which allows us to determine whether we observed wavelike, particle-like, or both 
behaviors of photon t. EOM, electro-optic phase modulator. 


Fig. 3. Space-time dia- 
gram of the experimen- 
tal apparatus. The paired 
photons are said to be 
generated and separated 
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tus, which is located in the i N\ 
same laboratory as the i 
entangled photon pair 
source. The corroborative 
photon is sent through a 
55-m fiber to another lab- 
oratory. The corroborative 
and test photon apparatuses 
are physically separated 
by 20 m. The corrobora- 
tive photon was measured 20 ns after the test photon was detected, thus revealing the MZI configuration 
in a delayed fashion. The forward light cones from both photon-detection events do not overlap, 
demonstrating that spacelike separation is achieved. In other words, no causal connection between these 
events can be established. 


Test photon 
detected 


Position (m) 


-17m (0/0) 3m 


2 NOVEMBER 2012 VOL 338 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on November 3, 2012 


polarization state of the corroborative photon by 
an angle a. From Eqs. 2 to 4, we now have 


1 + r 
|v) =— (cj, (cos alparticle|' — 


v2 


sin alwave}") + cl, (cos a[wave}]’ + 


sin alparticle] ‘)) |vac) (5) 


After passing PBS3, which is oriented on the 
{H, V} axis, the corroborative photon is trans- 
mitted (|H)) or reflected (|/V)). This projects the 
test photon into a state defined by the terms 
in the parentheses of Eq. 5. Therefore, the fir- 
ing of detector Dy indicates that the test pho- 
ton is in the state coso[particle]' — sina[wave}", 
whereas the firing of D; shows that it is in the 
state cosa[wave]' + sina[particle]'. By choosing 
0 <a < 90°, we obtain a continuous morphing 
between wave and particle behavior. The expected 
intensity correlations, given by the coincidence 
count probability between detectors D;, (corrob- 
orative) and [D;, ® D,”] (test), where ® denotes 
an exclusive OR (XOR) gate, are 


2 


8. 1 
Iiz,p(8,0.) = cos 5sin’o + 5 008-0 (6) 


Fig. 4. Experimental results A 
for the quantum delayed- 
choice experiment. (A and 
© Plots of the intensity cor- 
relations, |}, ,(8,0.), as de- 
fined by Eq. 6, expressed 
as the probability of a co- 
incidence event between 
detectors Dy and [Dy © 
Dy] as a function of o, and 
6. Dots and associated ver- 
tical lines represent exper- 
imental data points and iti = 


wavelike 


0.5- 


Probability 


Note that the correlations between detectors 
Dyand [D, ® D,] follow the same function. On 
the contrary, the complementary intensity corre- 
lations (that is, correlations between detectors Dz, 
and [Dz ® Dz] or between Dyand [Dy @ Dz) 
are given by | — Jy,(8,a). The use of XOR 
gates permits counting the photons from both 
outputs of each quantum eraser (PBS, or PBS;), 
and reaching an average coincidence rate of 
70 s | for each of them. Note that Eq. 6 does not 
depend on the relative detection times of the two 
photons. In the experiment reported here, the 
detection of the corroborative photon is delayed 
until after the detection of the test photon. This is 
ensured by inserting an extra 5-m length of opti- 
cal fiber in the path of the corroborative photon 
(c). In this case, for each of the four correlation 
functions mentioned above, the configuration of 
the interferometer remains undetermined, even after 
the test photon has been detected. In other words, 
there is no information available yet from the cor- 
roborative photon that could influence the beha- 
vior of the test photon. Furthermore, a space-time 
analysis shows that no classical communication 
can be established between the photon-detection 
events, as they have spacelike separation (Fig. 3). 

We now measure the correlations between de- 
tectors Dy and [D, ® D,] via counting coinci- 
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deviations. Wave-particle Angle o (deg) 20 Oo Phase 0 (rad) 
morphing is observed for 

the natural {H, V} basis (A), : 

as well as for the comple- wavelike 
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mentary {D, A} basis (Q). 
The colored surfaces in these 
graphs represent the best 1 
fits to the experimental 


data using Eq. 6. Note > 
that the result obtained 
for the {D, A} basis is es- & 0.5 
sential because it repre- < 


sents the signature of the 
entangled state, proving 


the correct implementa- iS particle-like a 
tion of the desired quan- 40 0 a 

tum beam-splitting effect. Oe eer 

We obtain average coinci- Angle « (deg) 40 0 Phase 6 (rad) 


dence rates of 350 events 


per 5 s. The noise contribution, on the order of three events per 5 s, has not 
been subtracted. (B and D) Plots and related sinusoidal fits (solid lines) of 
the fringe visibility V (black) and path distinguishability D (red) as a func- 
tion of the angle a. For all angles, we verify V? + D* < 1, as predicted by Eq. 
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dence events on the corresponding single-photon 
detectors (InGaAs avalanche photodiodes). As 
shown in Fig. 4A, the experimentally measured 
results are in near-perfect agreement with the 
theoretical predictions of Eq. 6. For the angle a = 
0°, J7z,(8,0) is independent of the phase 0, as 
predicted for particle-like behavior. Setting a = 
90° results in sinusoidal intensity oscillations as 
a function of 8, which corresponds to wavelike 
behavior. For 0° < a < 90°, a continuous tran- 
sition from wave to particle behavior is observed, 
expressed by the continually reducing fringe visi- 
bility. As outlined in (9, 70), a generalization of 
Bohr’s complementarity principle implies the in- 
terference fringe visibility V and the path distinguish- 
ability D, also called the which-way information, 
to be limited by the following inequality 


VEE at (7) 


The experimental measurement of these two 
quantities is described in supplementary text S2 
(11, 12). Figure 4B shows the obtained results 
for 7, D’, and V’ + D* as a function of the angle 
a. With our experimental data, Eq. 7 is confirmed 
for all angles of a. 

To prove the existence of a coherent quantum 
superposition of wave and particle behavior of the 
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7; the blue solid line serves as a guide for the eyes. Note that the same 
experimental results would be obtained if the timing order of the measurements 
of the test and corroborative photons were inverted (26). Error bars indicate the 
relative uncertainty obtained in the photon-counting measurements. 
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test photon created by the detection of the corrob- 
orative photon, the presence of entanglement must 
be verified (76, 2/). Note that several recent works 
did not do this; therefore, the presence of a QBS 
has not been proven unambiguously (22, 23). In 
our realization, entanglement is proven by per- 
forming the same experiment as before, but using 
the complementary analysis basis, namely the diag- 
onal basis {D, 4}. Now, the initial quantum state is 
rotated by 45°—ie., 7 (cht + ch,tt,)|vac) > 
71 (cht! + ct!) |vac)—where D and A symbol- 
ize diagonally and antidiagonally polarized pho- 
ton contributions, respectively. In this configuration, 
every single photon is unpredictably subjected 
to a closed or open Mach-Zehnder configuration 
by the PDBS. In this case, as opposed to the 
experiment in the {H, V} basis, if a statistical 
mixture was analyzed instead of an entangled 
state, no correlations should be observed when 
measuring /;;;,(8,c.). However, the strong corre- 
lations shown in Fig. 4C exclude a statistical 
mixture and are in good agreement with the 
theoretical predictions of Eq. 6. This emphasizes 
that wave and particle behavior coexist simulta- 
neously for the entire range 0° < a < 90° in the 
{H, V} basis and for 45° < a < 45° in the {D, A} 
basis. Figure 4D shows the measurements for 
V>, D’, and V- + D as a function of o and con- 
firms the upper limits imposed by Eq. 7. The 
quality of the entangled state is measured via 
the Bell parameter S, which is deduced from the 
phase oscillation visibilities at « = 90° in the 
{H, V} basis and a = 45° in the {D, A} basis. 
We obtain S = 2.77 + 0.07, which is very close 
to the optimal value of 2\/2 attained with max- 
imally entangled states and is 11 standard de- 
viations above the classical/quantum boundary 
S=2 (16, 21). 

The detection loophole remains open in our 
experiment, because some of the initial entan- 
gled photons are lost during their propagation in 


the fiber or bulk channels or are not detected 
by the single-photon detectors that show non- 
unit quantum detection efficiencies (24). There- 
fore, we make the reasonable assumption that 
the detected photons represent a faithful sam- 
ple (77). 

In conclusion, we have carried out a quantum 
delayed-choice experiment, enabled by polarization- 
entangled photons and the associated property of 
nonlocality. We used an MZI in which the output 
beam splitter has been replaced by its quantum 
analog (i.e., a beam splitter in a coherent su- 
perposition of being present and absent). In this 
configuration, we observed that single photons 
can behave as waves and as particles in the same 
experiment, meaning that the simple view of pho- 
tons being either waves or particles is refuted. We 
experimentally excluded interpretations based 
on local hidden variables and/or information ex- 
change between the photon and the quantum 
beam splitter. The state of the quantum beam 
splitter is determined by the detection of the cor- 
roborative photon. We have, therefore, demon- 
strated delayed interference between wave and 
particle behavior, which underlines the subtleness 
of Bohr’s complementarity principle. 

We note that, parallel to this work, Peruzzo et al. 
realized another version of a quantum delayed- 
choice experiment based on entangled photons (25). 
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Single photons with helical phase structures may carry a quantized amount of orbital angular 
momentum (OAM), and their entanglement is important for quantum information science and 
fundamental tests of quantum theory. Because there is no theoretical upper limit on how many 
quanta of OAM a single photon can carry, it is possible to create entanglement between two particles 
with an arbitrarily high difference in quantum number. By transferring polarization entanglement 

to OAM with an interferometric scheme, we generate and verify entanglement between two photons 
differing by 600 in quantum number. The only restrictive factors toward higher numbers are current 
technical limitations. We also experimentally demonstrate that the entanglement of very high OAM 
can improve the sensitivity of angular resolution in remote sensing. 


uantum entanglement—the nonclassical 
phenomenon of joint measurements of 
at least two separate systems showing 
stronger correlations than classically ex- 


plainable (/, 2)—is widely considered one of the 
quintessential features of quantum theory. Since 
its discovery and first experimental demonstra- 
tion (3), photon entanglement has been shown 


in various degrees of freedom (4-7). In the field 
of photonic quantum optics, studies of the orbital 
angular momentum (OAM) of light have been 
productive. The natural solutions of the paraxial 
wave equation in cylindrical coordinates, Laguerre- 
Gauss modes, have a helical phase dependence 
that leads to a vortex or phase singularity and thus 
zero intensity along the beam axis. These Laguerre- 
Gauss modes carry an OAM that can take any 
integer value (8). Entanglement of OAM of pho- 
tons (5) has led to many novel insights and ap- 
plications in quantum foundations and quantum 
information—for example, qutrit quantum com- 
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munication protocols (9), uncertainty relations 
with angular position and OAM (/0), or higher- 
dimensional entanglement (//—/3). 

An important motivation for our work is 
the open question of the existence of macro- 
scopic entanglement, which is intricately con- 
nected to the very definition of “macroscopicity” 
(14). The OAM degree of freedom offers the pos- 
sibility to create entanglement of quantum num- 
bers in principle up to arbitrarily high values. In 
optomechanical experiments, which already make 
use of linear momentum (/5), such photons can 
be used to create entanglement of a mechanical 
system with high angular momentum. Also, rela- 
tive to classical methods, quantum remote sensing 
offers an improved angular resolution that is am- 
plified by large OAM values (/6). 

Because of the rapidly decreasing efficiency 
of the downconversion process for the direct gen- 


2 -t>4 |-11)> A 


Iv 4) 


|H v> + 


eration of entanglement of higher OAM (/7, /8), 
we use a different approach similar to the ideas 
in (7, 19-21). We start with high-fidelity two- 
dimensional entanglement in the polarization de- 
grees of freedom and transfer it to various OAM 
subspaces with chosen amounts of angular momen- 
tum (Fig. 1). The polarization-entangled photon 
pairs propagating in single-mode fibers enter the 
transfer setups in the two-photon state described 
by the tensor product of two degrees of freedom 
(polarization and OAM): 


Win) = [a|H)|V) + Bexp(ip)|V)|)]@|0)|0) 
(1) 


where a, 8, and @ are real and normalized (0? a 
8B = 1), H and V denote horizontal and vertical 
polarization, 0 indicates the amount of OAM 
per photon (Gauss mode), and the positions of 


polarizer 


Fig. 1. Left panel: Schematic sketch of the setup. Polarization entanglement is created in a parametric 
downconversion process (source) and afterward transferred to modes with high quanta of OAM (transfer 
setups, shown as blue boxes). (A) Experimental layout for one of the two identical transfer setups where 
the photon is split by a polarization beam splitter (PBS) and its spatial mode is transformed to a higher- 
order Laguerre-Gauss mode by a spatial light modulator (SLM). Half-wave plates (HWP) in the paths 
ensure that the SLM works optimally and that the output is separated from the input. A polarizer (blue) 
projects the photon to diagonal polarization and completes the transfer. (B to D) Three-phase pattern of 
increasing complexity of the structure: / = 10 (B), / = 100 (C), and / = 300 (D). Because the SLM has 


finite resolution, a Moiré pattern emerges. 


A —> mask 


bucket 
ef detector 


Fig. 2. Sketch of the measurement principle. (A) The angular position of the 
radial superposition structure (red) is dependent on the phase @ of the state, 
here |x) = |10) + exp(ig)|—10). A mask with the same rotational symmetry 
(20 slits) is able to detect any superposition depending on the mask’s 
angular position y. (B to D) Three superpositions (false colors denote 
intensity gradations) for / = +10 (B), ! = +100 (C), and a section of the mode 
for / = +300 (D), experimentally created with a laser imaged by a charge- 


|10)+ e”| —10) 


the ket vectors, which describe the quantum me- 
chanical states of the photon, label the different 
photons. The transfer is realized with a folded 
interferometric structure that is intrinsically phase- 
stable and has by design equal arm lengths. De- 
pending on their polarization, the photons are 
transferred to a well-defined Laguerre-Gauss mode 
by a spatial light modulator (SLM), which mo- 
dulates the phase of the light (22). The SLM is 
programmed such that photons that take the path 
for horizontally polarized light are changed to +/ 
after leaving the interferometer, and those that 
take the path for vertically polarized light are 
changed to —/ after leaving the interferometer. 
Finally, a polarizer projects the photons onto the 
diagonal polarization (D), erasing any information 
about path and creating the state 


Wout) = |D)|Dy®[a| 7 I)|-l) oT 


Bexp(ie)|-/)| + D) (2) 

Our method does not rely on phase matching, 
as in the generation of OAM entanglement via 
spontaneous parametric downconversion (SPDC), 
but instead benefits from the efficient and high- 
quality polarization entanglement. The resulting 
states can be entangled in any two-dimensional 
subspace of the infinite-dimensional OAM space 
or even in the general space of all spatial modes 
that can be generated with SLMs (23-25). 

To realize projective measurements onto high- 
OAM superposition states in order to demonstrate 
entanglement, we use a technique that takes advan- 
tage of the specific spatial structure of the created 
photonic states (Fig. 2). Any equal Laguerre-Gauss 
superposition, |y) = 2”'/?[|2) + exp(i@)|-2)], has 
an intensity distribution showing a radially sym- 
metric structure with 2/ maxima arranged in a 
ring (Fig. 2, B to D). Because the angular po- 
sition y = (@/2/)-(360°/2r) of this petal structure 
is determined by the phase ~, a mask with 2/ slits 
maximally transmits only a specific superposition. 
By rotating the mask, all possible superpositions 
with equal amplitude are accessible. For analysis 
of the created state and demonstration of entangle- 
ment, one mask is installed after each transfer setup 


coupled device camera. Additional structures around and inside of the main 
intensity pattern (higher-order Laguerre-Gauss modes with the same OAM 
and unmodulated photons, respectively) arise from the imperfect creation of 
the modes at the SLM but will be blocked by the slit mask. For / = +300, only 
the section of the mode shown here was used in the measurements, because 
of the noise from diffraction at the SLM housing and distorted modulation 
due to the limitations of the finite resolution. 
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and the coincidence of two transmitted photons 
for different combinations of y is measured. 

In our experiment, polarization-entangled pho- 
ton pairs (uncorrected average visibility 97.99 + 
0.03%) at 810 nm were created using a type II 
nonlinear crystal in a Sagnac-type configuration 
(26, 27). The SLM in the transfer setup is pro- 
grammed such that the reflected photons acquire 
/ multiples of 2 azimuthal phase (/ quanta of 
OAM), which leads to complex patterns when 
OAM is large (Fig. 1, B to D). Therefore, we 
used a high-resolution SLM (1920 x 1080, full 
HD; Holoeye Photonics AG, Berlin) with small 
pixel size (8 um). Nonetheless, for values of / > 
300 we observed a clear reduction of mode trans- 
formation efficiency, which is the main limiting 
factor (22). This is only a technical limitation that 
can be overcome by higher-resolution SLMs or 
novel techniques for creating photons with higher 
/ values (28). After the transfer setups, the modes 
are enlarged to fit the masks (laser-cut black card- 
board) and transmitted photons are focused to 
bucket detectors. 

As a demonstration of the flexibility of our 
setup, we created two-dimensional spatial mode 
entanglement with highly asymmetric OAM 
states, in which one photon is transferred to / = 
+10 and the second photon to /= +100 (Fig. 3A). 
Because of its intrinsic conservation of angular 
momentum, the SPDC process could not create 
this asymmetric state directly. We then transferred 
both photons to / = +100, showing the ability to 
create OAM modes with very high difference 
in quantum number (Fig. 3B). The highest value 
of OAM per single photon where strong cor- 
relations were still measurable was / = +300 for 
both photons (Fig. 3C). The decrease in mode 
transformation efficiency of the SLM, however, 
strongly affects the coincidence rate (about | coin- 
cidence count per minute in the maximum) and 
therefore the statistical significance of our results. 

To demonstrate successful transfer, we con- 
structed an entanglement witness [similar to (29)], 
which verifies entanglement if the sum of two 
visibilities in two mutually unbiased bases is 
above the classical bound of (2'7 + 1)/2 = 1.21 
(22, 29). The data for the visibilities were taken 
in addition to the fringe measurements (apart from 
7 = +300) with longer integration. For the asym- 
metric OAM state / = +10/+100, we achieved a 
witness value of 1.48 + 0.01. When both photons 
were transferred to / = +100, the witness value 
was 1.55 + 0.01. Both values were calculated 
without any correction of the data and violate 
the classical limit by ~30 standard deviations, 
demonstrating the successful entanglement trans- 
fer. Because of the significantly smaller cre- 
ation and detection efficiencies (hence a lower 
pair detection rate) for / = +300, we corrected 
for accidental coincidence counts (22), yielding 
a value of 1.6 + 0.3 for our entanglement wit- 
ness. With a statistical significance of more than 
80%, we thus violate the bound for separable 
states with photons that each carry / = +300 
quanta of OAM. 


Fig. 3. Measured coincidence 
counts as a function of the angle 
of one mask and different angles 
of the other mask. The measured 
coincidence counts (points) show 
a sinusoidal dependence (fitted 
lines) and depend only on the dif- 
ference between the angles of 
the masks, which is a clear signa- 
ture of nonclassical correlations. 
(A) The first photon is transferred 
to / = +10/ and the second to 
= +100/, showing the ability 
to create asymmetric OAM entan- 
gled states. (B) Both photons are 
transferred to / = +100/. (C) 
Both photons carry / = +300/ 
and nonclassical correlations can 
still be measured. Here, the count 
rate decreased significantly (about 
1 coincidence count per minute) 
primarily because of limited con- 
version efficiency. The integration 
times in (A), (B), and (C) were 2 
min, 9 min, and 64 min, respec- 
tively, for each data point. Error 
bars in all plots (if large enough 
to be seen) are estimated from 
Poissonian count statistics. 


Fig. 4. Measurements 
of remote angular sensi- 
tivity enhancement. (A) 
Normalized coincidence 
count rates where one pho- 
ton is projected on diag- 
onal polarization, and the 
second photon is either 
kept polarization-encoded 
while the polarizer is ro- 
tated (green triangles) or 
transferred to / = +10/ 
(blue diamonds), to / = 
+100/ (red squares), or 
to | = +300/ (black cir- 
cles) while the appropri- 
ate mask is rotated. The 
errors are estimated as- 
suming Poissonian count 
statistics. (B) From the 
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suming 100% visibility and Poissonian fluctuation) and the points are the measured values. To illustrate 
the enhancement for 100 detected pairs, we measured the angular position of the randomly rotated mask 
by correcting the change in the coincidence counts with a rotation of the remote polarizer. The right panel 
shows histograms of 20 different random angles that were measured for each arrangement. For | = 
+300h, the limit of our high-precision rotation stage (+0.016°) was determined with the polarizer in a 
low-precision mount (+1°). To reach the same precision without OAM-induced angular resolution en- 
hancement, about 3.3 million detected pairs would have been necessary. 
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To further corroborate this successful entan- 
glement creation, we transferred only one pho- 
ton to / = +300 and measured the other photon 
in the polarization bases. The measured witness 
value was 1.628 + 0.004. Therefore, our results 
demonstrate that single photons can carry 300/ 
of OAM (where fi is Planck’s constant divided 
by 27) and that entanglement between two pho- 
tons differing by 600 in quantum number can 
be achieved. Even in classical optics, the highest 
value of OAM that had been created with an 
SLM was / = 200 (30). 

Apart from the fundamental interest of en- 
tangling high quantum numbers, we also dem- 
onstrate the use of high-OAM entanglement for 
remote sensing. For this we use the same meth- 
od as before for creating high-OAM entangled 
states (folded interferometric scheme including 
SLM) and analyzing them (slit wheel method). 
When we transfer one photon to high OAM val- 
ues and keep the other in its polarization state, 
the pair can be used to remotely measure an an- 
gular rotation with a precision that is increased 
by a factor / relative to the situation when only 
polarization-entangled photon pairs are used 
(Fig. 4) (22). This can lead to notable improve- 
ments for applications in the field of remote 
sensing, especially where low light intensities are 
required, such as in biological imaging experi- 
ments with light-sensitive material. An analogous 
improvement can be achieved classically if diag- 
onally or circularly polarized light enters our trans- 
fer setup. However, the important difference is that 
entanglement enables the measurements to be 
done remotely, with the photons being spatially 
separated or even in unknown locations at some 
later time. 


Our approach could be generalized to higher- 
dimensional entanglement for spatial modes— 
for example, by starting with higher-dimensional 
(hybrid) entanglement and a more complex inter- 
ferometric scheme. Such a development would 
have potential benefits in applications such as 
quantum cryptography, quantum computation, 
and quantum metrology. 
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Efficient Hybrid Solar Cells Based 
on Meso-Superstructured 
Organometal Halide Perovskites 


Michael M. Lee,* Joél Teuscher,’ Tsutomu Miyasaka,” Takurou N. Murakami,”? Henry J. Snaith?* 


The energy costs associated with separating tightly bound excitons (photoinduced electron-hole 
pairs) and extracting free charges from highly disordered low-mobility networks represent 
fundamental losses for many low-cost photovoltaic technologies. We report a low-cost, 
solution-processable solar cell, based on a highly crystalline perovskite absorber with intense 
visible to near-infrared absorptivity, that has a power conversion efficiency of 10.9% in a 
single-junction device under simulated full sunlight. This “meso-superstructured solar cell” 
exhibits exceptionally few fundamental energy losses; it can generate open-circuit photovoltages 
of more than 1.1 volts, despite the relatively narrow absorber band gap of 1.55 electron volts. 
The functionality arises from the use of mesoporous alumina as an inert scaffold that structures 
the absorber and forces electrons to reside in and be transported through the perovskite. 


n efficient solar cell must absorb over a 
broad spectral range, from visible to near- 
infrared (near-IR) wavelengths (350 to 
~950 nm), and convert the incident light effec- 
tively into charges. The charges must be collected 


at a high voltage with suitable current in order to 
do useful work (/—8). A simple measure of solar 
cell effectiveness at generating voltage is the dif 
ference in energy between the optical band gap 
of the absorber and the open-circuit voltage (%.) 


generated by the solar cell under simulated air 
mass (AM) 1.5 solar illumination of 100 mW cm 
(9). For instance, gallium arsenide (GaAs) solar 
cells exhibit (. of 1.11 V and an optical band 
gap of 1.4 eV, giving a difference of ~0.29 eV 
(2). For dye-sensitized and organic solar cells, 
this difference is usually on the order of 0.7 to 
0.8 eV (2, 9). For organic solar cells, such losses 
are predominantly caused by their low dielectric 
constants. Tightly bound excitons form, which 
require a heterojunction with an electron accep- 
tor with a large energy offset to enable ion- 
ization and charge separation (10, 1/). Likewise, 
dye-sensitized solar cells (DSSCs) have losses, 
both from electron transfer from the dye (or ab- 
sorber) into the TiO2, which requires a certain 
“driving force,” and from dye regeneration from 
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the electrolyte, which requires an overpotential. 
Efforts have been made to reduce such losses in 
DSSCs by moving from a multielectron iodide— 
tri-iodide redox couple to one-electron outer-sphere 
redox couples, such as cobalt complexes or a 
solid-state hole conductor (/, 4, /2, 13). 

Inorganic semiconductor—sensitized solar cells 
have recently become a focus of interest (/4, 75). 
An extremely thin absorber (ETA) layer, 2 to 
10 nm in thickness, is coated upon the internal 
surface of a mesoporous TiO; electrode and then 
contacted with an electrolyte or solid-state hole 
conductor. These devices have achieved power 
conversion efficiencies of up to 6.3% (/5). How- 
ever, the ETA concept suffers from rather low \,; 
the problem may lie in the electronically disor- 
dered, low-mobility n-type TiO, (/6). Perovskites 
are relatively underexplored alternatives (Fig. 1A) 
that provide a framework for binding organic and 
inorganic components into a molecular compos- 
ite. With careful consideration of the interaction 
between organic and inorganic elements and suit- 
able control of the size-tunable crystal cell (/7), 
rudimentary wet chemistry can be used to create 
new and interesting materials. Era, Mitzi, and co- 
workers have shown that layered perovskites based 
on organometal halides demonstrate excellent per- 
formance as light-emitting diodes (8, 19) and 
transistors with mobilities comparable to amor- 
phous silicon (20). Organometal halide perovskites 
have been used as sensitizers in liquid electrolyte— 
based photoelectrochemical cells with conversion 
efficiencies from 3.5 to 6.5% (21, 22). Recently, 
a CsSnl3 perovskite was shown to function effi- 
ciently as a hole conductor in solid-state DSSCs, 
delivering up to 8.5% power conversion efficiency 
(23, 24). 

We report on a solution-processable solar cell 
that overcomes the fundamental losses of organic 
absorbers and disordered metal oxides. We fol- 
lowed the ETA approach and used a perovskite 
absorber, mesoporous TiO, as the transparent 
n-type component, and 2,2’,7,7’-tetrakis-(V,N- 
di-p-methoxyphenylamine)9,9 ’-spirobifluorene 
(spiro-OMeTAD) as the transparent p-type hole 
conductor. These devices exhibited power con- 
version efficiencies near 8%. Remarkably, we also 
found that replacement of the mesoporous n-type 
TiO with insulating Al,O3 improved the power 
conversion efficiency. The Al,O;3 is an insulator 
with a wide band gap (7 to 9 eV) and purely acts 
as a “scaffold” upon which the perovskite is coated. 
We observed that electron transport through the 
perovskite layer was much faster than through 
the n-type TiO. In addition, we observed an in- 
crease in %, (moving from the TiO, to the insu- 
lating Al,O3 scaffold) of a few hundred millivolts 
and a power conversion efficiency of 10.9% under 
simulated AM1.5 full solar illumination. 

The specific perovskite we used is of mixed- 
halide form: methylammonium lead iodide chlo- 
ride (CH3NH3PbI,Cl), which was processed from 
a precursor solution in N,\-dimethylformamide 
via spin-coating in ambient conditions. X-ray dif- 
fraction analysis for CH3NH3PbI,Cl prepared 


on glass (fig. S1) (25) showed diffraction peaks 
at 14.20°, 28.58°, and 43.27°, which we assigned 
as the (110), (220), and (330) planes, respectively, 
of a tetragonal perovskite structure with lattice 
parameters a = 8.825 A, b = 8.835 A, c=11.24A, 
similar to the CH3NH3PbI, previously reported 
(21). The extremely narrow diffraction peaks sug- 
gest that the films have long-range crystalline do- 
mains (>200 nm, peak width limited by instrument 
broadening) and are highly oriented with the a 
axis (2/1, 26). In contrast to the methylammonium 
trihalogen plumbates previously reported in solar 
cells (i.e., CH3NH3PbIs) (2/, 22), this iodide- 
chloride mixed-halide perovskite was remarkably 
stable to processing in air. The absorption spectra 
(Fig. 1B) demonstrated good light-harvesting 
capabilities over the visible to near-IR spectrum 
and was also stable to prolonged light exposure, 
as demonstrated by 1000 hours of constant illu- 
mination under simulated full sunlight. The ab- 
sorbance of the film at 500 nm remained around 
1.8 throughout the entire measurement period 
(absorbance of 1.8 corresponds to 98.4% absorp- 
tion) (Fig. 1B, inset). Note that the scale is 
optical density, where absorbance of ~0.5 at 700 
nm corresponds to ~70% attenuation in a single 
pass; in the solar cell, there are two passes of light 
leading to ~91% absorption at this wavelength. 
The solar cells were fabricated on semitrans- 
parent fluorine-doped tin oxide (FTO)-coated 
glass coated with a compact layer of TiO, that 
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acted as an anode. The porous oxide films were 
fabricated from sol-gel-processed sintered nano- 
particles. The perovskite precursor solution was 
infiltrated into the porous oxide mesostructure 
via spin-coating and was dried at 100°C, which 
enabled the perovskite to form via self-assembly 
of the constituent ions. Dark coloration was ob- 
served only after this drying step. 

With respect to the perovskite coating pro- 
cess, there has been extensive work done on in- 
vestigating how solution-cast materials infiltrate 
into mesoporous oxides (27-32). If the concen- 
tration of the solution is low enough and the 
solubility of the cast material high enough, the 
material will completely penetrate the pores as 
the solvent evaporates. Typically, the material 
forms a “wetting” layer upon the internal surface 
of the mesoporous film that uniformly coats the 
pore walls throughout the thickness of the elec- 
trode (28-31). The degree of “pore filling” can 
be controlled by varying the solution concentra- 
tion (29-32). If the concentration of the casting 
solution is high, then maximum pore filling oc- 
curs, and any “excess” material forms a “capping 
layer” on top of the filled mesoporous oxide. 

For the optimum perovskite precursor con- 
centrations we used, there was no appearance of 
a capping layer, which implies that the perovskite 
was predominantly formed within the mesoporous 
film. We verified that the perovskite was within 
and uniformly distributed throughout the meso- 
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Fig. 1. (A) Left: Three-dimensional schematic representation of perovskite structure ABX3 (A = CH3NH3, 
B = Pb, and X = Cl, 1). Right: Two-dimensional schematic illustrating the perovskite unit cell. (B) 
Ultraviolet to visible (UV-Vis) absorbance spectra of the photoactive layer in the solar cell (mesoporous 
oxide; perovskite absorber; spiro-OMeTAD) sealed between two sheets of glass in nitrogen and exposed 
to simulated AM1.5 sunlight at 100 mW cm” irradiance for up to 1000 hours. No additional UV 
filtration was used for the solar irradiance. Inset: Extracted optical density at 500 nm as a function of 
time. (C) Left: Schematic representation of full device structure, where the mesoporous oxide is either 
Al,03 or anatase TiO2. Right: Cross-sectional SEM image of a full device incorporating mesoporous 
Al,03. Scale bar, 500 nm. 
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porous oxide films by performing cross-sectional 
scanning electron microscopy (SEM) with elemen- 
tal mapping via energy-dispersive x-ray (EDX) 
analysis (fig. S2) (25). To complete the photo- 
active layer, the perovskite-coated porous electrode 
was further filled with the hole transporter, spiro- 
OMeTAD, via spin-coating; as shown in Fig. 1C, 
the spiro-OMeTAD forms a capping layer that 
ensures selective collection of holes at the silver 
electrode. 

In Fig. 2A, the incident photon-to-electron 
conversion efficiency (IPCE) action spectrum 
is shown for the devices that use mesoporous 
TiO, and Al,O3, exhibiting spectral sensitivity 
spanning from the visible to the near-IR (400 
to 800 nm) with a peak IPCE of >80% for both 
oxides. The slight difference in shape arises from 
the slightly different perovskite concentrations 
in the optimized devices. In Fig. 2B, we show 
current density—voltage (J-V) curves measured 
under simulated AM1.5 illumination of 100 mW 
cm ~. The sensitized TiO, solar cell exhibited a 
short-circuit photocurrent (J,.) = 17.8 mA cm”, 
Voce = 0.80 V, and a fill factor of 0.53, yielding 
an overall power conversion efficiency (n) of 
7.6%. We present two different J-V curves for the 
Al,O3-based device. The most efficient device 
exhibited J,. = 17.8 mA cm *, V,. = 0.98 V, and 
a fill factor of 0.63, yielding n = 10.9%. The 
third curve (dashed trace) shows a device with 
Jo, = 15.4 mA cm” and J, = 1.13 V but a low 
fill factor of 0.45, yielding n = 7.8%. [See (25) for 
histograms of device performance parameters for 
the Ti0,- and Al,O3-based devices (fig. S3)]. 

The general trend is that the Al,O; cells gen- 
erated open-circuit voltages that were >200 mV 
higher than those generated by the sensitized 
TiO, solar cells, with comparable short-circuit 
currents and slightly lower fill factors. From 
the solar cell measurements on alumina-based 
devices, it was apparent that the perovskite layer 
could function as both absorber and n-type com- 
ponent, transporting electronic charge out of the 
device. We further illustrate the “semiconducting” 
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Fig. 2. (A) IPCE action spectrum of an Al,O3-based and perovskite-sensitized 
TiO, solar cell, with device structure as follows: FTO / compact TiO. / mesoporous 
Al,03 (red trace with crosses) or mesoporous TiO, (black trace with circles) / 
CH3NH3PbI,Cl / spiro-OMeTAD / Ag. (B) Current density—voltage characteristics 
under simulated AM1.5 100 mW cm" illumination for Al,O3-based cells, one 


nature of the perovskite by the construction of 
a planar-junction diode with the structure FTO / 
compact TiO / CH3NH3PbI,Cl / spiro-OMeTAD / 
Ag. The perovskite film was ~150 nm thick in 
this configuration, and the solar cell exhibited 
Joe =7.13 mA cm ~, Vi. = 0.64 V, a fill factor of 
0.4, and n = 1.8%. 

If we take the optical band gap of CH3NH3PbI,Cl 
to be 1.55 eV from the IPCE onset at 800 nm 
(33) and the open-circuit voltage to be 1.1 V, this 
represents a difference in energy of only 0.45 eV, 
competitive with the best thin-film technologies 
(2). To understand why we observed such an in- 
crease in voltage over the TiO, cells, we need to 
consider the operational mode of the two concepts 
(Fig. 3A). For sensitized TiO, devices, we would 
expect that after light absorption in the perovskite, 
electrons would be transferred to the TiO, (with 
subsequent electron transport to the FTO electrode 
through the TiO2) and holes would be transferred 
to the spiro-OMeTAD (with subsequent transport 
to the silver electrode). For Al,O3-based cells, the 
electrons must remain in the perovskite phase (34) 
until they are collected at the planar TiO,-coated 
FTO electrode, and must hence be transported 
throughout the film thickness in the perovskite. 
Hole transfer from the photoexcited perovskite to 
the spiro-OMeTAD should occur in much the 
same way as in the sensitized device. Al,O3 did not 
act as an n-type oxide in DSSCs (fig. S4) (25). 

To examine the charge generation in these 
devices, we performed photoinduced absorption 
(PIA) spectroscopy on the oxide films coated with 
the perovskite, both with and without the addi- 
tion of spiro-OMeTAD. For the mesoporous TiO 
film coated with perovskite, the PIA spectrum 
revealed features in the near-IR assigned to the 
free electrons in the titania (35), confirming effec- 
tive sensitization of the titania by the perovskite. 
In contrast, films made of Al,O3 coated with 
perovskite exhibited no PIA signal, confirming 
the insulating role of alumina. After addition of 
spiro-OMeTAD, we could efficiently monitor the 
oxidized species of spiro-OMeTAD created after 
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photoexcitation of the perovskite. They had ab- 
sorption features at 525 and 750 nm, as well as 
a broad band around 1200 nm, assigned to the 
hole located on the triarylamine moieties (28, 36), 
which dominated the spectra in both the TiO.- 
and Al,O3-based samples. These results indicate 
that hole transfer is highly effective from the 
photoexcited perovskite to spiro-OMeTAD, and 
specifically that a hole conductor is required to 
enable long-lived charge species within the 
perovskite coated on the Al,O3. We note that the 
PIA signal depended both on the concentration 
and lifetime of the species monitored; hence, from 
this measurement alone, quantification of the 
relative charge-generated yield is not possible. 

To probe the effectiveness of the perovskite 
layer at transporting electronic charge out of 
the device, we performed small-perturbation tran- 
sient photocurrent decay measurements (37). The 
solar cells were exposed to simulated sunlight and 
“flashed” with a small red light pulse; in such ex- 
periments, the decay rate of the transient photo- 
current signal is approximately proportional to 
the rate of charge transport out of the photoactive 
layer (37). As shown in Fig. 3C, we observed 
that charge collection in the Al,O3-based devices 
was faster than in the TiO-based sensitized de- 
vices by a factor of >10, indicating faster elec- 
tron diffusion through the perovskite phase than 
through the n-type TiOs. 

Because there is no n-type oxide in the Al,O3- 
based cells, the devices are not “sensitized” solar 
cells, but rather two-component hybrid solar 
cells. As designed, the Al,O3 is simply acting as 
a mesoscale “scaffold” upon which the device 
is structured; we term this concept a “meso- 
superstructured solar cell” (MSSC). The above 
measurements demonstrate that long-lived charge 
carriers can be generated via hole transfer from 
the perovskite to spiro-OMeTAD and that the 
perovskite layer is faster at transporting electronic 
charge than the mesoporous TiO. However, 
they do not explain the increase in /, values. The 
Voc is generated by the build-up of electrons in 


06 
Voltage (V) 


0.4 


1.0 


1.2 


cell exhibiting high efficiency (red solid trace with crosses) and one exhibit- 
ing Voc > 1.1 V (red dashed line with crosses); for a perovskite-sensitized 
TiO, solar cell (black trace with circles); and for a planar-junction diode with 
structure FTO / compact TiO / CH3NH3PbI2Cl / spiro-OMeTAD / Ag (purple 
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Fig. 3. (A) Schematic illustrating the charge transfer and charge transport in a 
perovskite-sensitized TiO. solar cell (left) and a noninjecting Al,O3-based solar cell 
(right); a representation of the energy landscape is shown below, with electrons shown 
as solid circles and holes as open circles. (B) Photoinduced absorbance (PIA) spectra of 
the mesoporous TiO; films (black circles) and Al,0O3 films (red crosses) coated with 
perovskite with (solid lines) and without (dashed lines) spiro-OMeTAD hole transporter, 


the n-type material and holes in the p-type ma- 
terial, resulting in splitting of the quasi Fermi lev- 
els for both electrons and holes. For mesoporous 
TiO>, there exist sites in the tail of the density 
of states that extend into the band gap (38). 
These fill with electrons under illumination; the 
result is that the quasi-Fermi level for electrons 
(Ef) is farther from the conduction band, for 
any given charge density, than would be the 
case if these states did not exist (i.e., in a highly 
crystalline semiconductor). The increased charge- 
storing capacity of materials with a high density 
of subband gap states is termed “chemical ca- 
pacitance” (38). There is, in essence, no chemical 
capacitance of the Al,O3, and for the MSSCs 
all the electronic charge resides in the perov- 
skite, moving the Ej, in this material nearer to 
the conduction band for the same charge den- 
sity. The higher voltage indicates that there are 
fewer surface and sub—band gap states in the 
perovskite films than in the mesoporous TiOy. 
Hence, the increased voltage is caused by a sub- 
stantial reduction of the chemical capacitance of 
the solar cell. We used a compact layer of TiO, 
as the electron-selective anode, but the chemical 
capacitance of this extremely thin (50 to 100 nm) 
TiO layer was very low because of the low 
volume and surface area (i.e., flat). In addition, 
the compact layer deposited via spray pyrolysis 
has a donor density of ~10'8 em (39), and the 
sub—band gap sites responsible for the chemical 
capacitance may be full. 

A central question is whether the MSSC is 
excitonic or a distributed p-n junction. The pe- 
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rovskites tend to form layered structures, with 
continuous two-dimensional metal halide planes 
perpendicular to the z axis and the lower di- 
electric organic components (methyl amine) be- 
tween these planes. The possible quasi-two- 
dimensional confinement of the excitons can 
result in an increased exciton binding energy, 
which can be up to a few hundred millielectron 
volts (40). The reasonably high photocurrents 
from the planar-junction solar cells (Fig. 2B) 
could be explained by either moderately delo- 
calized and highly mobile excitons being quenched 
at the perovskite-spiro-OMeTAD interface, or 
the generation of free charges in the bulk of the 
perovskite films with reasonably good electron 
and hole migration out of the devices. 

The key limitation in performance of the 
MSSC at present is a balance between series 
and shunt resistance. The perovskite absorber is 
reasonably conductive, measured to be on the 
order of 10° S cm >; thus, short-circuiting of the 
device occurs if contact exists between the silver 
electrode and the perovskite absorber. A thick 
capping layer of p-type spiro-OMeTAD readily 
resolves this issue, however; spiro-OMeTAD is 
less conductive (~10> S cm), so a thicker cap- 
ping layer results in high series resistance. Thus, 
we are presented with a compromise. 

Our work represents an evolution of the solid- 
state sensitized solar cell with low fundamental 
losses. The application of a mesostructured in- 
sulating scaffold upon which extremely thin films 
of n-type and p-type semiconductors are assem- 
bled, termed the meso-superstructured solar cell 
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under 496.5 nm excitation at 23 Hz repetition rate. (C) Charge transport lifetime 
determined by small-perturbation transient photocurrent decay measurement of 
perovskite-sensitized TiO, cells (black circles) and Al,O3 cells (red crosses), both with 
lines to aid the eye. Inset shows normalized photocurrent transients for Al,O3 cells (red 
trace with crosses every 7th point) and TiO cells (black trace with circles every 7th 
point), set to generate 5 mA cm“ photocurrent from the background light bias. 


(MSSC), has proven to be extraordinarily effec- 
tive with an n-type perovskite, delivering more 
than 10.9% power conversion efficiency under 
full solar illumination. Further advances in over- 
all power conversion efficiency are expected by 
extending the absorption onset toward 940 nm, 
through the implementation of new perovskites 
or broadening this concept to other solution- 
processable semiconductors. Enhancing the light 
absorption near the band edge through carefully 
engineered mesostructures or better photon man- 
agement would lead to increased photocurrent. 
Reduced series resistance through the use of 
higher-mobility hole transporters, or better con- 
trol over the capping layer thickness, would im- 
prove the fill factor. Finally, extending this system 
to multijunction devices (without the require- 
ment for lattice matching, as in conventional 
multijunction solar cells) would further enhance 
performance. 
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Photoinduced Ullmann C-N Coupling: 
Demonstrating the Viability of a 


Radical Pathway 


Sidney E. Creutz,’* Kenneth J. Lotito,’* Gregory C. Fu,”"7+ Jonas C. Peters*+ 


Carbon—nitrogen (C—N) bond-forming reactions of amines with aryl halides to generate 
arylamines (anilines), mediated by a stoichiometric copper reagent at elevated temperature (>180°C), 
were first described by Ullmann in 1903. In the intervening century, this and related C-N bond-forming 
processes have emerged as powerful tools for organic synthesis. Here, we report that Ullmann 
C-N coupling can be photoinduced by using a stoichiometric or a catalytic amount of copper, 
which enables the reaction to proceed under unusually mild conditions (room temperature or 
even —40°C). An array of data are consistent with a single-electron transfer mechanism, 
representing the most substantial experimental support to date for the viability of this pathway 


for Ullmann C—N couplings. 


rylamines (anilines) are a commonly en- 

countered subunit in organic compounds 

and are important in fields ranging from 
pharmaceuticals to materials science (/—3). Be- 
cause many aryl halides and amines are readily 
available, coupling these two reactants provides a 
particularly attractive, convergent approach to the 
synthesis of arylamines. Thus, the discovery by 
Ullmann in 1903 that this C-N bond construction 
can be accomplished by heating these partners in 
the presence of a stoichiometric amount of cop- 
per was a landmark achievement (Fig. 1A) (4, 5). 
During the past 20 years, there have been numer- 
ous advances in C—-N coupling reactions, ranging 
from the discovery of milder, copper-catalyzed 
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Ullmann processes to the development of meth- 
ods based on palladium and other transition metals 
(6-11). 

Despite the importance of copper-based 
Ullmann C-N coupling reactions, understanding 
of the mechanism of these processes has evolved 
only slowly (6-9, /2). It is believed that Ullmann 
couplings generally begin with Cu—N bond for- 
mation; however, a variety of pathways for the 
subsequent cleavage of the Ar—X bond have been 
proposed, including a concerted oxidative addi- 
tion (/3, 14) and a single-electron transfer (SET, 
which encompasses halogen-atom transfer) mech- 
anism with radical intermediates (Fig. 1B) (/5). 
It is likely that different pathways operate under 
different conditions. 

Currently, there is virtually no direct experi- 
mental evidence for the viability of an SET mech- 
anism for Ullmann C-N couplings (/2), although 
Buchwald and Houk have recently published a 
computational study in support of this pathway 
for certain processes (/5, 16). With respect to 
Ullmann C-C bond formation, Kim has observed 


that oligothiophenes can be generated upon ultra- 
violet irradiation (~140 nm) of 2,5-diiodothiophene 
on a copper metal surface, presumably via direct 
photodissociation of the C-I bond (/7, 78). In 
this report, we provide an array of experimental 
data for the reaction of aryl halides with well- 
defined copper(I) amido complex 1, all of which 
are consistent with an SET/radical mechanism for 
Ullmann C-N coupling. In addition to furnishing 
the strongest evidence to date for the viability of 
an SET pathway, this study introduces a photo- 
induced variant of this powerful transformation. 

During the past several years, we have ex- 
plored the chemistry of copper(I) amido complexes 
(19, 20), and we have determined that adducts such 
as carbazolide complex (Ph3P)Cu(carbazolide) 
(2) are photoluminescent when irradiated be- 
tween 300 and 400 nm (2/). We envisioned that 
we could capitalize on the photophysical prop- 
erties of this family of complexes as a mecha- 
nistic tool in order to examine the viability of an 
SET/radical pathway for Ullmann C-N bond for- 
mation (Fig. 1C). Thus, irradiation of a copper— 
carbazolide complex could lead to electron transfer 
to the aryl halide to afford a radical anion, which 
would rapidly fragment to form an aryl radical 
and a halide anion (Fig. 1C, top) (22). This aryl 
radical could then react with the copper complex 
to furnish the C—N coupling product. Alterna- 
tively, the aryl radical could be generated directly 
through halogen atom transfer from the ary] halide 
to the copper—carbazolide complex (inner-sphere 
electron-transfer) (Fig. 1C, bottom). Regardless 
of which mechanism 1s followed, this would pro- 
vide a photoinduced (23, 24) pathway for Ullmann 
C-N coupling. 

Ina preliminary investigation, we determined 
that the luminescence of (Ph3P).Cu(carbazolide) 
(2) is quenched upon the addition of iodobenzene; 
furthermore, irradiation of the mixture leads to 
C-N bond formation. However, our desire for 
improved solubility properties led us to synthe- 
size a related copper complex in which the PPh; 
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Fig. 1. (A) Generalized equation for an Ullmann coupling to form an arylamine. (B) Outline of two of the possible mechanisms for Ullmann C—N bond 
formation. (C) Outline of a possible pathway for photoinduced Ullmann C—N bond formation via a copper—carbazolide complex. 


ligands are replaced with P(m-tol)3 (25). A single- B 
: : 1p | 

crystal x-ray diffraction study confirmed that > == "emission 
copper—carbazolide complex 1 maintains a three- 2 0.8 === excitation 
coordinate trigonal-planar geometry in the solid i= asl 
state (Fig. 2A). Complex 1 is colorless and is not 8 
visibly luminescent in acetonitrile; however, emis- a 0.4, 
sion and excitation spectra confirm that it has ac- y S 92) KS 
cessible excitations in the near ultraviolet (Fig. 2B). hoe 

When an acetonitrile solution of copper— 250 300 350 400 450 500 550 
carbazolide complex 1 and iodobenzene is ir- wavelength (nm) 
radiated with a standard 13-W compact fluorescent Cc c\ c\ 
light bulb (CFL) at room temperature for 10 hours, Ra. dark 
C-N bond formation proceeds in good yield (77%) Cu-N HOSS ana. 1 


(Table 1A, entry 1); an even higher yield is ob- 
tained in CD3CN (84%) (Table 1A, entry 2). Ir- 
radiation with a 100-W mercury lamp results in 
C-N bond formation even at —-40°C (Table 1A, 
entry 3). Previously described couplings of carba- 
zole with iodobenzene in the presence of copper 
have used temperatures of at least 90°C (26). 

Under otherwise identical conditions in the 
absence of light, no N-phenylcarbazole is ob- 
served (<1%) (Table 1A, entry 4), and negligible 
coupling occurs in the dark even upon heating 
at 65°C for 12 hours. Irradiation of a mixture of 
carbazole and iodobenzene (without 1) leads to 
no detectable N-phenylcarbazole (<1%). 

For these photoinduced Ullmann C-N cou- 
pling reactions, we postulate that upon photoex- 
citation, copper complex 1 transfers an electron 
to iodobenzene to produce a radical ion pair 
(Fig. 1C). The higher yield obtained in CD3CN 
(Table 1A, entry 2) as compared with that in 
CH3CN (Table 1A, entry 1) can be attributed to 


/ 
RgP UC) 


1 (R = m-tol) 


CH3CN 


60% 


Fig. 2. (A) X-ray structure of copper complex 1 (thermal ellipsoids drawn at 50% probability and H 
atoms omitted for clarity). (B) Excitation and emission spectra of copper complex 1 in CH3CN. (C) 


Chemical oxidation of copper complex 1. 


a kinetic isotope effect for undesired abstrac- 
tion of a hydrogen/deuterium from the solvent 
by the phenyl radical or by radical cation 3 
(Fig. 1C). Consistent with this hypothesis, we 
observed benzene and unsubstituted NH/ND 
carbazole as side products in these photoinduced 
couplings (25), and we have established that when 
we independently generate radical cation 3 via 
chemical oxidation of 1 in CH3CN, the unsub- 
stituted NH carbazole is formed (Fig. 2C) (27). 

Bromobenzene also undergoes Ullmann cou- 
pling when irradiated with a 13-W CFL in the 
presence of copper—carbazolide complex 1. As 


would be expected on the basis of relative re- 
duction potentials [PhI, —1.91 V; PhBr, —2.43 V; 
PhCl, —2.76 V versus saturated calomel electrode 
(SCE) in dimethylformamide (DMF) on a plat- 
inum electrode] (28), photoinduced C—N bond 
formation is considerably slower for bromobenzene 
(Table 1A, entry 5) than for iodobenzene (Table 
1A, entry 1). Nevertheless, a good yield of the 
desired product can be obtained at room temper- 
ature if a 100-W mercury lamp is used (Table 1A, 
entry 6), and a moderate yield is observed even at 
—40°C (Table 1A, entry 7). In the absence of light, 
no Ullmann coupling occurs (Table 1A, entry 8). 
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Table 1. (A) Photoinduced Ullmann C-N coupling reactions of copper—carbazolide complex 1 with 
PhX (X = I, Br, Cl). (B) Photoinduced Ullmann C-N coupling reactions catalyzed by copper— 
carbazolide complex 1. Yields were determined by means of gas chromatographic analysis versus a 
calibrated internal standard (4,4’-di-t-butylbiphenyl) and are reported as averages of at least two 
experiments; yields of purified product are in parentheses. The conditions described in each 
equation are designated as the “standard” conditions for the set of entries immediately below the 


equation. CFL, compact fluorescent light bulb. 


"an {oS 6 
hv 
Fah (13-watt CFL) 
Cu—N Ph—-X = Ph—N 
RP. ie room temp., 10h CQ 
1.2 equiv CH3CN 
1 (R = m-tol) 
Coupling with iodobenzene (X = I) 
Entry Conditions Yield (%) 
1 Standard conditions 77 (74) 
2 CD3;CN instead of CH3CN 84 (82) 
3 —40 °C, 100-watt Hg lamp 69 (68) 
4 dark <l 
Coupling with bromobenzene (X = Br) 
Entr Conditions Yield (%) 
5 Standard conditions 40 
6 100-watt Hg lamp 76 (72) 
7 —40 °C, 100-watt Hg lamp, 5 equiv PhBr 59 
8 dark <l 
Coupling with chlorobenzene (X = Cl) 
Entry Conditions Yield (%) 
9 Standard conditions 5 
10 100-watt Hg lamp, 24 h, 5 equiv PhCl 68 (66) 
11 —40 °C, 100-watt Hg lamp, 5 equiv PhCl 11 
12 dark <l 
B 10 mol% catalyst 
hv 
Ch (100-watt Hg lamp) Ch 
Ph—I Li—N >  Ph—-N 
1.2 equiv C) room temp., 10 h ', 
CH3CN 
Entry Catalyst Conditions Yield (%) 
1 1 Standard conditions 64 (52) 
2 1 dark <l 
3 None Standard conditions 3 
4 1 —40°C 45 
> 1.5 mol% 1 Standard conditions 30 
6 Cul Standard conditions 65 (58) 
7 Cul dark <l 


We roughly estimate the excited-state reduc- 
tion potential of copper—carbazolide complex 1 
to be ~ —2.6 V versus SCE in CH3CN, on the 
basis of its electrochemistry (fig. S4) and the 
approximate value of E°° = 3.1 eV, the energy 
value obtained from the intersection of its emis- 
sion and excitation profiles. This reduction po- 
tential is sufficiently close to the outer-sphere 
reduction potential of chlorobenzene (—2.76 V in 
DMF) to expect electron transfer to occur. Under 
the standard conditions for the reaction of copper— 
carbazolide complex 1 with iodobenzene, chloro- 
benzene undergoes cross-coupling in low yield 


(5%) (Table 1A, entry 9). However, irradiation 
by a 100-W mercury lamp in the presence of 
excess chlorobenzene leads to efficient photo- 
induced Ullmann coupling at room temperature 
(Table 1A, entry 10). 

A variety of data are consistent with radical 
intermediates in these photochemical Ullmann 
reactions. For example, we detected benzene as a 
side product (vide supra); furthermore, mono- 
deuterated arene is generated when the reaction is 
conducted in CD3CN, along with a small amount 
of succinonitrile (>5%) due to dimerization of the 
resulting cyanomethy] radical (29). Last, we ob- 
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served the formation of iodobiphenyls when a 
large excess of iodobenzene is used (30). 

Low-temperature (77 K) electron paramag- 
netic resonance (EPR) data are consistent with 
photoinduced generation of a copper-containing 
radical when copper—carbazolide complex 1 and 
iodobenzene are irradiated with a 100-W mercu- 
ry lamp at —-40°C for 15 min in a 4:5 mixture of 
propionitrile/butyronitrile (Fig. 3A); this signal 
and the deep-blue color of the reaction mixture 
rapidly disappear upon warming to room temper- 
ature. The EPR spectrum has nearly axial sym- 
metry. Coupling to °*°°Cu is too small relative to 
the broadness of the signal to be observed (37); 
nevertheless, the strongly anisotropic g-values sug- 
gest that this species has at least partial metallo- 
radical [Cu(I])] character. The same EPR spectrum 
is produced when complex 1 is treated at —100°C 
with 0.3 equivalents of the oxidant Magic Blue 
[tris(4-bromophenyl)aminium hexachloridoanti- 
monate], indicating that the same radical species 
can be generated by chemical and by photoinduced 
oxidation. We speculate that rather than being 
radical cation 3 itself (Fig. 1C), the detected rad- 
ical is likely a more stable derivative, such as 
Cu,[P(m-tol)3]4(carbazolide),"", which could be 
formed via trapping of radical cation 3 by com- 
plex 1. The lack of resolved °”°Cu hyperfine 
coupling in the EPR signal is consistent with such 
a species (32), as is our observation that this sig- 
nal is absent when one equivalent of Magic Blue 
is used. 

To provide further support for radical interme- 
diates in these photoinduced Ullmann reactions, 
we examined the coupling of copper—carbazolide 
complex 1 with 2-(allyloxy)iodobenzene (4), a 
radical probe (Fig. 3B). Because radical 5 is 
known to cyclize very rapidly [rate constant (k) = 
9.6 x 10° s | in dimethyl sulfoxide] (33), the con- 
sistent failure to observe cyclized products in other 
studies of Ullmann C-—N bond-forming reactions 
with this substrate has been cited as evidence 
against a radical pathway (/2—/5). In contrast, in 
the case of our photoinduced Ullmann coupling 
we observed exclusive formation of cyclized com- 
pounds (6 and 3-methyl-2,3-dihydrobenzofuran) 
(Fig. 3B). This dichotomy of reaction products 
under thermal versus photochemical conditions 
does not require a divergence in pathways (radi- 
cal versus nonradical) for C-X cleavage; for ex- 
ample, the thermal process could, in principle, 
proceed through an aryl radical intermediate that 
is captured by copper faster than it adds to the 
pendant olefin. 

Control reactions establish that copper com- 
plex 1 does not couple with 4 in the dark, even 
upon heating to 65°C. Furthermore, no cyclized 
products are detected when compound 4 is ir- 
radiated in the absence of complex 1. 

Formation of dihydrobenzofuran 6 does not 
conclusively support a radical pathway because 
this product could in principle be generated via 
concerted oxidative addition of 4 to form an aryl- 
copper reagent, followed by B-migratory insertion 
and reductive elimination. However, our observation 


www.sciencemag.org SCIENCE VOL 338 2 NOVEMBER 2012 


649 


Downloaded from www.sciencemag.org on November 3, 2012 


REPORTS 


650 


followed by C-N bond for- 
mation, in a photoinduced 
Ullmann reaction of an aryl 
iodide bearing a pendant 
olefin. (C) Stereochem- 


Fig. 3. Experimental ob- A 
servations that are consist- 
ent with a radical pathway. > 
(A) X-band EPR spectrum = 
of a frozen (77 K) reac- > 
tion mixture. Parameters a ; 
are g = (2.440, 2.055, 5 
1.990]. (B) Cyclization, & * 
>- 
D 
oF 
oO 
= 


ical study of a photoin- 20 240-260 


duced Ullmann reaction. 

(D) Substrate-competition 
study in a photoinduced c 
Ullmann reaction. 


1 (R= m-tol) 


that deuteritum-labeled aryl iodide 4-d furnishes 
a 1:1 mixture of diastereomers (Fig. 3C) is fully 
consistent with a radical pathway, whereas the 
oxidative-addition/syn-insertion/reductive-elimination 
sequence should only produce diastereomer 6-d. 

A control experiment established that olefin 4-d 
does not undergo cis/trans isomerization under the 
reaction conditions. We have also performed this 
stereochemical study with the bromo analog of 4-d; 
again, a 1:1 mixture of diastereomers is generated, 
and no uncyclized products are observed. 

An additional mechanistic probe that has 
been used to distinguish between concerted 
oxidative addition of Ar—X and a pathway in- 
volving SET to the haloarene is the relative 
reactivity of 1-bromonaphthalene (7) and 4- 
chlorobenzonitrile (8) (Fig. 3D) (73). According 
to this analysis, if C—X cleavage proceeds via 
concerted oxidative addition, then preferential 
coupling of 1-bromonaphthalene is expected, 
whereas if the reaction occurs via an SET mech- 
anism, then 4-chlorobenzonitrile should react more 
rapidly because of its more favorable reduction 
potential (-2.03 V for 8; -2.17 V for 7 versus SCE 
in DMF) (28). 

When copper—carbazolide complex 1 is ir- 
radiated in the presence of a 1:1 mixture of 
1-bromonaphthalene and 4-chlorobenzonitrile, 
Ullmann coupling product 10, derived from 
4-chlorobenzonitrile, is predominant (Fig. 3D). 
This observation is consistent with a radical-based 
SET pathway for C—N bond formation and stands 
in sharp contrast with a previous investigation in 
which only the bromoarene was reactive, which was 
interpreted as supporting a concerted mechanism 
for oxidative addition under those conditions (/3). 

Because copper-catalyzed Ullmann C—N cou- 
plings are of substantial interest (6-9), we have 
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pursued preliminary studies to ascertain whether 
turnover can be achieved in these photoinduced 
processes. We have determined that irradiation of 
iodobenzene and lithium carbazolide in an aceto- 
nitrile solution of 10 mole percent (mol %) of 
copper—carbazolide complex 1 does indeed fur- 
nish the C—N coupling product in 64% yield, 
establishing the viability of copper catalysis in 
this photochemical reaction manifold (Table 1B, 
entry 1). In the absence of light, no detectable 
coupling is observed (Table 1B, entry 2), and ir- 
radiation of the coupling partners in the absence 
of complex 1 leads to very little N-phenylcarbazole 
(3%) (Table 1B, entry 3). These copper-catalyzed, 
photoinduced Ullmann couplings can even be ef- 
fected at -40°C (Table 1B, entry 4). In the pres- 
ence of 1.5 mol % of copper—carbazolide complex 
1, a turnover number of ~20 can be achieved 
(Table 1B, entry 5). Cul also serves as a catalyst 
for photoinduced Ullmann C-N couplings, likely 
via electron transfer from a luminescent copper— 
carbazolide complex generated in situ (Table 1B, 
entries 6 and 7). 

When aryl iodide 4-d (Fig. 3C) and lithium 
carbazolide are used as coupling partners in the 
presence of copper—carbazolide complex 1 under 
the catalytic conditions outlined in Table 1B, a 
1:1 mixture of diastereomers 6-d and 6/-d is formed 
(with no accompanying uncyclized products). This 
observation is consistent with a common radical- 
based SET pathway for catalyzed and uncatalyzed 
Ullmann couplings effected by complex 1. 

Until now, the available experimental data 
regarding the mechanism (or mechanisms) of the 
classic Ullmann C-N coupling reaction could be 
accommodated by C—X cleavage via concerted 
oxidative addition to copper. The present report 
demonstrates that Ullmann C-N coupling can be 
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achieved via a photoinitiated step in which C—X 
cleavage proceeds instead via a radical interme- 
diate. Although we do not suggest that our find- 
ings establish a general SET mechanism for 
Ullmann coupling reactions, they do show that if 
a carbon-centered radical is generated, copper- 
mediated C—N bond formation can ensue. In ad- 
dition, our demonstration—that photochemical 
initiation can lead, under unusually mild conditions, 
to C-N bond formation with carbazole—opens 
the door to the development of practical photoin- 
duced, copper-catalyzed C-N bond-forming pro- 
cesses, including both N-arylation and N-alkylation 
reactions (Fig. 3C). Indeed, this approach may also 
be applicable to the formation of other carbon— 
heteroatom bonds. 
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The Absolute Chronology and 
Thermal Processing of Solids 
in the Solar Protoplanetary Disk 
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Transient heating events that formed calcium-aluminum-—rich inclusions (CAls) and chondrules 
are fundamental processes in the evolution of the solar protoplanetary disk, but their chronology 
is not understood. Using U-corrected Pb-Pb dating, we determined absolute ages of individual 
CAls and chondrules from primitive meteorites. CAls define a brief formation interval corresponding 
to an age of 4567.30 + 0.16 million years (My), whereas chondrule ages range from 4567.32 + 0.42 
to 4564.71 + 0.30 My. These data refute the long-held view of an age gap between CAls and 
chondrules and, instead, indicate that chondrule formation started contemporaneously with 

CAls and lasted ~3 My. This time scale is similar to disk lifetimes inferred from astronomical 
observations, suggesting that the formation of CAls and chondrules reflects a process intrinsically 
linked to the secular evolution of accretionary disks. 


ative stages comes from the earliest sol- 

ids preserved from the protoplanetary disk 
that now reside as millimeter- to centimeter- 
sized objects—calcium-aluminum—tich inclusions 
(CAIs) and chondrules—in chondrite meteorites. 
These complex objects have been the subject 
of intense study in an attempt to decipher their 
origins and, in turn, use them as records of the 
dynamics of the protoplanetary disk that led 
to the formation of the solar system (/—8). Most 
CAIs formed as fine-grained condensates from a 
gas of approximately solar composition in a high- 
temperature environment (>1300 K) at total 
pressure <10 “ bar, with a subset experiencing 
re-melting to form distinct coarser igneous tex- 


T= only record of our solar system’s form- 
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tures (9). In contrast, most chondrules represent 
coalesced dust aggregates that were subsequent- 
ly rapidly melted and cooled in lower-temperature 
regions (<1000 K) and higher ambient vapor 
pressures (>10 * bar) than CAIs, resulting in ig- 
neous porphyritic textures (10). Despite their for- 
mation by different mechanisms (condensation 
versus dust accretion) in distinct environments 
(11), these objects share common histories of ex- 
posure to brief, high-temperature events at least 
once in their respective evolutions. 

The current perception of the relative tim- 
ing of CAI and chondrule formation is based on 
the short-lived *°Al-’°Mg chronometer [?°AI de- 
cays to *°Mg with a halflife of 0.73 million 
years (My)], which has led to a growing con- 
sensus that chondrules formed 1 to 2 My after 
CAIs (/2). This age difference has long been 
used as a central observation in defining mod- 
els of chondrule formation and, in addition, im- 
plies that the melting of CAIs and chondrules 
was produced by different mechanisms and/or 
heat sources. However, the *°Al-’°Mg dating meth- 
od critically depends on the disputed assump- 
tion of homogeneous distribution of *°Al in space 
and time within the protoplanetary disk (/3). 


In contrast, chronologies based on long-lived 
radioisotope systems rely on the knowledge of 
the present-day abundances of the parent and 
daughter isotopes in a sample and therefore are 
free from assumptions of parent nuclide homo- 
geneity. Of the various long-lived radioisotope 
systems, the Pb-Pb dating method is the most 
powerful tool to establish a high-resolution chro- 
nology of the first 10 My of the solar system. 
This chronometer is based on two isotopes of 
U, *8U and 7°U, that decay in a chain to stable 
Pb isotopes, 7°°Pb and *°’Pb, respectively, result- 
ing in *°’Pbp/”°°Pby (where R = radiogenic) ra- 
tios that correspond to the amount of time passed 
since the system closed, by Eq. 1 


235 Ait 

(so) (er=n) © 

U/ \(e - 1) 
where A, and A, reflect the decay constants for al U) 
and *3°U, respectively; ¢, time. The 7°’Pbp/”>°Pb_ 
ratio of an inclusion is calculated by extrapolat- 
ing from an array of measured Pb isotopic values 
that represent varying mixtures of radiogenic 
Pb and its initial Pb isotopic composition, which 
should approximate that of the solar system de- 
fined by the Nantan iron meteorite (/4). However, 
attempts to date individual CAIs and chondrules 
by this approach have historically been frustrated 
by the difficulties in analyzing the small amounts 
of Pb in these inclusions. In addition, the **U?°U 
ratio required for Eq. 1, which has traditionally 
been assumed to be 137.88 in all solar system 
materials, was demonstrated to vary in CAIs by 
35 € units (deviations in parts per 10*), correspond- 
ing to offsets in calculated Pb-Pb ages of up to 
5 My (/5). The observation of U isotope varia- 
bility, attributed to the decay of the short-lived 
47Cm nuclide **7Cm decays to **°U with a half- 
life of 15.6 My) voided all published Pb-Pb ages 
for solar system materials that were based on an 
assumed ***U/*°U ratio and made clear the need to 
have measurements of the U isotopic composi- 
tions for all materials dated by the Pb-Pb method. 

To establish an assumption-free absolute chro- 
nology of CAI and chondrule formation, we have 
developed improved methods for the precise anal- 
ysis of small amounts of Pb and U by thermal 
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ionization mass spectrometry and high-resolution 
inductively coupled plasma source mass spec- 
trometry, respectively (16). We measured the 
38UU ratios of three CAIs from the reduced 
CV chondrite Efremovka, three chondrules from 
the oxidized CV chondrite Allende, and whole- 
rock chondrites and differentiated meteorites in 
an attempt to understand the extent and origin 
of 738U/*°U variations in the early solar system 
(Fig. 1 and Table 1). The Efremovka CAIs show 
a range of 7*°U/°*°U ratios (Table 1), confirm- 
ing the presence of U isotope variability in re- 
fractory inclusions. In contrast, our analyses of 
meteorites derived from chondritic and differen- 
tiated asteroids as well as three individual chon- 
drules from Allende show identical **8U/°*°U 
ratios within analytical uncertainty (Fig. 1), de- 
fining a weighted mean of 137.786 + 0.013. 
These observations indicate a uniform 8U/?°U 
ratio in the inner solar system outside the CAI- 
forming region. This is consistent with an earlier 
study (/7) but at odds with the solar system 
initial 7’Cm/?*U value of ~1.1 x 10 * inferred 
from **U/*°U variability in Allende CAIs (15). 
Moreover, our analyses of Efremovka CAIs show 
significant departure from the apparent correla- 
tion between the '“4Nd/8U [an assumed proxy 
for Cm/U (18)] and 7*°U/*8U ratios of Allende 
CAIs (/5), similarly to another recent study (/9). 
Thus, we infer that the **°U/?°U variability in 
CAIs largely reflects mass-dependent fraction- 
ation associated with the CAI-forming process 
and not 747Cm decay (supplementary materials 
text 1). 

The subset of chondrite meteorites we ana- 
lyzed includes the Ivuna carbonaceous chondrite, 
a member of the rare clan of primitive mete- 
orites referred to as CI chondrites. Composed 
of matrix material with the highest abundances 
of presolar grains, CI chondrites are generally 
considered to represent the least chemically frac- 
tionated and least thermally processed mete- 
orites: They have solar abundances of most 
elements (20) and, by extension, have the solar 
47Cm/*°U ratio. Therefore, we interpret the 
*8UP°U value of 137.786 + 0.013 obtained for 
bulk inner solar system materials as represent- 


ing the best estimate of the bulk **°U/?*°U ratio 
of the solar system and hence that of the Sun. 
To constrain the timing and duration of CAI 
and chondrule formation, we have obtained 
Pb isotope data for a suite of three CAIs from 
Efremovka (22E, 31E, and 32E), two ferro- 
magnesian porphytitic olivine-pyroxene chon- 
drules from Allende (C20 and C30), and three 
ferromagnesian porphyritic olivine (C1) and 
barred olivine-pyroxene chondrules (C2 and C3) 
from the unequilibrated ordinary chondrite NWA 
5697. 22E is a fine-grained inclusion with a 
porous, nearly monomineralic hibonite core sur- 
rounded by a mantle composed of concentrically 
zoned objects having a spinel-hibonite-perovskite 
core rimmed by the layers of melilite + anorthite 
and pyroxene. The texture and mineralogy of 
22E indicate that it is an unmelted nebular con- 
densate. 31E is a coarse-grained type B1 CAI 
with a pyroxene-melilite-spinel core surrounded 
by a melilite mantle and a multilayered Wark- 
Lovering rim sequence of spinel, melilite, py- 
roxene, and forsterite. 32E is a coarse-grained 
type B1 CAI with a melilite-pyroxene-anorthite- 
spinel core surrounded a melilite mantle, thin 
Wark-Lovering rim layers of pyroxene and spinel, 
and a forsterite-rich accretionary rim. Both coarse- 
grained CAIs experienced melting after their 
initial formation by condensation and evapora- 
tion processes. To calculate the Pb-Pb ages of 
the Efremovka CAIs, we used their measured 
38U/°3°U ratios, which are characterized by a 
range of ~15 € units (Table 1) with compositions 
that are both isotopically heavy and light rela- 
tive to the bulk solar “°U/*°U value of 137.786. 
The three CAIs yield ages of 4567.35 + 0.28 My 
(22E), 4567.23 + 0.29 My (31E), and 4567.38 + 
0.31 My (32E) (Table 1), with uncertainties in- 
cluding errors associated with both the Pb and 
U isotope measurements. The age concordancy 
of these inclusions, despite the wide range of 
their 78U/°U ratios, supports our interpreta 
tion that the 7%U/3°U variability was imparted 
during CAI formation and does not represent a 
secondary event such as, for example, mass- 
dependent fractionation resulting from varia- 
ble redox conditions during alteration processes 


Table 1. Summary of Pb-Pb ages, 7°°U/2?°U ratios used in age calculations, and °“Cr compositions 
of individual CAls and chondrules. The Pb concentrations are based on the total amount of Pb 
analyzed. = °3°Uu/*™Pb. The e°“Cr values represent 10° deviation of the °“Cr/**Cr value of a sample 
relative to the terrestrial chromium reference standard and were acquired following Trinquier et al. 
(41). Uncertainties reflect the external reproducibility of 9 ppm. The e*“Cr value for the 31E CAI is from 


Larsen et al. (13). 


on the CV chondrite parent body. The ages we 
report for Efremovka CAIs overlap with the age 
of 4567.18 + 0.50 My recently obtained for the 
coarse-grained type B CAI SJ101 from Allende 
(19), which is the only CAI age currently avail- 
able in the literature calculated with a measured 
38U/°35U ratio. Pooling the ages we obtained 
for Efremovka CAIs with that of the SJ101 CAI 
from Allende yields a weighted mean age of 
4567.30 + 0.16 My, suggesting that the time 
scale of the CAI-forming event inferred from 
our absolute chronology may be as short as 
160,000 years. Therefore, these data collectively 
support a single and brief time interval for the 
formation of CV CAIs, in agreement with the 
rapid time scales of less than 50,000 years re- 
quired for their condensation and evaporative 
melting based on bulk 6 Al--°Mg systematics 
(6, 13). However, our preferred age for the CAI- 
forming event and, by extension, the formation of 
the solar system, is based on the best-constrained 
age of 4567.35 + 0.28 My obtained for the 22E 
CAI (Fig. 2A). This interpretation is founded 
on the petrographic features of this inclusion, 
suggesting an origin as a gas-solid condensate, 
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Fig. 1. 72°U/77°U ratios of individual chondrules, 
bulk chondrites, and achondrites. These samples 
define a mean of 137.786 + 0.013 [mean square 
of weighted deviations (MSWD) = 1.2], which we 
interpret as the present-day solar “78U/*°U ratio. 
The vertical gray band reflects the 2 SD uncer- 
tainty of the °?°U/?°U solar value. Uncertainties 
of sample measurements reflect external repro- 
ducibility or the internal precision of individual 
analyses, whichever is larger. 


Sample Type Weight (mg) p Pb (ppb) _— Age (My) 238y/235y "cr 
22E CAl 25.9 46 178.8 4567.35+0.28 137.627 + 0.022 
SIE CAl 57.6 247 119.4 4567.23 + 0.29 137.770 + 0.022 6.8+1.2 
32E CAl 18.0 116 9322.3) = 4567.38 + 0.31 137.832 + 0.022 
C30 Chondrule 29.7 246 24.1 4567.32 +0.42 137.786 + 0.013 —0.58 + 0.09 
C1 Chondrule 30.0 23 78.3 4566.67 + 0.43 137.786 + 0.013 —0.60 + 0.09 
C20 Chondrule 28.5 26 40.8 4566.24+0.63 137.786 + 0.013 —0.36 + 0.09 
C3 Chondrule 107.6 183 27.6 4566.02 + 0.26 137.786 + 0.013 —0.87 + 0.09 
C2 Chondrule 58.9 63 77.7 4564.71 + 0.30 137.786 + 0.013 —0.24 + 0.09 
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together with the combined effect of the slightly 
smaller errors on the age due to the greater spread 
in Pb-Pb data to define the *’’Pbp/””°Pbp ratio, 
greater number of points defining the isochron, 
acceptable sample/blank ratios for all measure- 


ments used to define the array (table S4), and the 
low amount of terrestrial Pb contamination (2/). 
Because of the lack of *8U/*°U variability 
among bulk inner solar system reservoirs, in- 
cluding three individual chondrules from the 
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Allende meteorite (Fig. 1), we used the well- 
constrained solar 73°U/??°U value of 137.786 + 
0.013 to calculate the absolute Pb-Pb ages of our 
subset of chondrules. In contrast to the narrow 
age span defined by CAIs, the chondrule ages 
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Fig. 2. Pb-Pb isochron diagrams for Efremovka CAI 22E (A), Allende chon- 
drule C30 (B), and NWA 5697 chondrule C2 (C). 
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Fig. 3. Initial Pb isotopic compositions of individual at 


chondrules. The initial Pb isotope compositions are defined 
by the intersection of the individual isochrons and a Pb 
evolution array anchored on the solar system initial Pb 
isotope composition defined by the Nantan iron meteorite 
(14). The u values (*3°U/?™Pb) of chondrules are indicated 2 Lancocaniainalek ; 
in parentheses. Chondrule C30 was displaced to the right- : : Le" 
hand side of the solar system initial Pb array for clarity. The : 
uncertainty of the solar system initial Pb value is smaller 
than the symbol. 
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range from 4567.32 + 0.42 My to 4564.71 + 
0.30 My (Fig. 2, B and C, and Table 1). The 
oldest chondrule age overlaps with our estimate 
of CAI formation and thus requires that ag- 
gregation of the chondrule precursor material 
and its thermal processing occurred within the 
uncertainty of its Pb-Pb age. Moreover, the age 
of the oldest chondrule indicates that it was not 
heated to temperatures above the Pb closure tem- 
perature after 4567.32 + 0.42 My and therefore 
has a formation and thermal history indistinguish- 
able from that of CAIs. These data demonstrate 
that chondrule formation started contemporane- 
ously with CAIs (within the uncertainty of our mea- 
surements) and continued for at least ~3 My. 
The majority of chondrules are believed to 
have formed as dust aggregates of near-solar 
composition subsequently thermally processed 
by a flash heating mechanism creating the ig- 
neous textures we observe today (/0). However, 
the presence of relict grains, igneous rims, and 
compound chondrules suggests that some chon- 
drules may have grown by collisions and re- 
melting (22, 23). Given the low solar *U?™Pb 
ratio (u) of ~0.15 (24), the Pb isotopic com- 
position of a chondrule precursor is not expected 
to evolve measurably during the lifetime of the 
protoplanetary disk (~3 My) until its 1 value is 
increased by Pb devolatilization during ther- 
mal processing. As such, internal isochron rela- 
tionships of chondrules are expected to project 
back to nonevolved initial Pb isotopic compo- 
sitions, unless an object experienced a complex 


Fig. 4. Time scales of sol- 
id formation and disk evo- 
lution. The brief formation 1a 
interval of 160,000 years 
for the CAl-forming event 
is similar to the median 
lifetimes of class 0 proto- 
stars of ~0.1 to 0.2 My 
inferred from astronomical 
observation of star-forming 
regions (37). Therefore, 


Start of 


0 Myr 


thermal history involving multiple heating and 
melting events. The isochron for the oldest 
Allende chondrule (C30) projects back to an ini- 
tial Pb isotopic composition that is less radio- 
genic than the most primitive estimate of the 
initial Pb isotopic composition of the solar sys- 
tem (Fig. 3), based on the Nantan iron meteorite 
(14). The low u value of the precursor material 
for chondrules in general and the antiquity of 
this chondrule in particular indicate that the 
Pb isotopic composition of the Nantan iron me- 
teorite does not represent the initial Pb isotopic 
composition of the solar system, but instead an 
evolved composition inherited after accretion 
and differentiation of its parent body before 
core formation. Similar to chondrule C30, three 
of the four younger chondrules we analyzed 
define isochron relationships that project back 
to Pb isotopic compositions that are more pri- 
mitive than the current estimate of the solar 
system initial Pb composition. This implies that 
the precursor material of these chondrules, es- 
pecially C3 with its high value of ~183, were 
not thermally processed until at or near the 
derived Pb-Pb age. Thus, the range of ages we 
observe for individual chondrules reflects pri- 
mary ages associated with a chondrule-forming 
event and not secondary disturbance of the 
Pb-Pb chronometer. Only the youngest chon- 
drule, C2, yields an isochron that projects to a 
more evolved Pb isotopic composition, requiring 
that this inclusion was thermally processed for 
the first time early enough to have accumulated 


collapse Class 0 protostar 


~0.7 Myr 


~3 Myr 


[s] Brief epoch of CAI condensation and melting 


substantial radiogenic Pb by the time the last 
melting event occurred at 4564.71 + 0.30 My. 

Chondrules from the Allende and NWA 
5697 chondrites define age ranges (Fig. 4) that 
indicate the presence of multiple generations of 
chondrules in individual chondrite groups. To 
explore the spatial significance of this age range, 
we have measured the **Cr/>*Cr ratios of these 
chondrules, because “Cr/-?Cr variations within 
the inner solar system track genetic relationships 
between early-formed solids and their respective 
reservoirs (25). The five chondrules analyzed 
here show significant “Cr variability (Table 1) 
that is not correlated with their ages. Moreover, 
most chondrules have **Cr/°*Cr ratios that are 
distinct from those of their host chondrites (26). 
Collectively, these observations indicate that 
chondrules from individual chondrite groups 
formed from isotopically diverse precursor ma- 
terial in different regions of the protoplanetary 
disk and were subsequently transported to the ac- 
cretion regions of their respective parent bodies. 
This is consistent with the proposal that radial 
transport of material in the protoplanetary disk, 
such as by radial diffusion (27) and/or stellar 
outflows (3), was important during the epoch of 
CAI and chondrule formation (28). 

Some models of chondrule formation such 
as current sheets (29), colliding molten planet- 
esimals (30), and recycling of fragmented dif- 
ferentiated planetesimals (3/) are based on the 
presumed offset of 1 to 2 My between the for- 
mation of CAIs and chondrules and therefore 
are inconsistent with the contemporaneous for- 
mation of CAIs and the oldest chondrules in- 
ferred from our study. Moreover, differentiated 
planetesimals typically have enhanced U/Pb val- 
ues (32), which would result in chondrules with 
radiogenically evolved initial Pb isotopic com- 
positions. However, the initial Pb isotopic com- 
position of individual chondrules suggests that, 
in most cases, chondrule precursors retained the 
solar U/Pb value up to the chondrule-forming 
event(s). 

Nebular shock waves are currently the fav- 
ored mechanism for chondrule formation. The pro- 
posed sources of shock waves include infalling 
clumps of dust and gas (33), bow shocks gen- 
erated by planetary embryos (34), spiral arms 
and clumps in a gravitationally unstable proto- 
planetary disk (35), and x-ray flares (3). Similar 
to the colliding planetesimals model, the forma- 
tion of chondrules by bow shocks requires at 
least 1 My to allow for the growth of planetary 
embryos of adequate size and therefore cannot 
explain the existence of old chondrules. Accretion- 
driven shock models, including models based on 
a gravitationally unstable disk, require copious mass 
accretion rates to the central star on the order of 
~10> solar mass (Mz) year! to be plausible 
(36). Astronomical observations indicate that such 
high accretion rates are achieved only in the deeply 
embedded class 0 phase of star formation (37), 
and such accretion rates can only last for ~0.1 My. 
Thus, chondrule formation via accretion-driven 
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shocks is limited to the earliest stage of disk 
evolution. As such, different sources of shock 
waves would be required to account for the ob- 
served ~3 My age range of chondrule formation 
inferred from our study. 

Our revised chronology of the formation of 
solids and their thermal processing refutes the 
long-held view of a time gap between the for- 
mation of CAIs and chondrules, thereby allow- 
ing for the possibility that the energy required 
for melting CAIs and chondrules may have been 
associated with the same physical process. Sta- 
tistical studies based on astronomical observations 
of young stellar objects within star-forming re- 
gions indicate that the median lifetime of disks 
around low-mass stars is ~3 My (37). These 
time scales are comparable to the timing of 
melting of disk solids inferred from our Pb-Pb 
dates (Fig. 4), suggesting that the formation of 
CAIs and chondrules may reflect a process 
intrinsically linked to the secular evolution of 
protoplanetary disks (38) and is not unique to 
our solar system. Transfer of mass from the 
disk to the central protostar is the most energetic 
process during the lifetime of the protoplanetary 
disk. Although the energy generated during this 
process is only gradually released, part of which 
is converted into kinetic energy expressed as 
magnetically driven bipolar outflows from the 
protostar (39), a substantial amount of it is avail- 
able for the thermal processing of solids during 
transient mass-accretion events. Indeed, models 
of the innermost structure of protoplanetary disks 
predict temperatures in excess of 1400 K within 
1 astronomical unit for mass accretion rates as 
low as ~10°° Mz year | (40). Because the con- 
servation of energy requires dissipation per unit 
of area of the disk that scales as the inverse cube 
of the distance from the central star, accretion- 
based processes may produce similar thermal re- 
gimes over a large range of accretion rates, albeit 
at different orbital radii. Whether accretion-based 
processes can provide thermal histories for CAIs 
and chondrules that are consistent with their 
heating and cooling rates, as well as the chro- 
nology provided here, requires robust numerical 
simulations of the evolving thermal structure of 
accreting disks. 
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Chloroplast Biogenesis Is Regulated 
by Direct Action of the 
Ubiquitin-Proteasome System 


Qihua Ling,* Weihua Huang,*t Amy Baldwin, Paul Jarvis§ 


Development of chloroplasts and other plastids depends on the import of thousands of nucleus-encoded 
proteins from the cytosol. Import is initiated by TOC (translocon at the outer envelope of chloroplasts) 
complexes in the plastid outer membrane that incorporate multiple, client-specific receptors. Modulation 
of import is thought to control the plastid’s proteome, developmental fate, and functions. Using forward 
genetics, we identified Arabidopsis SP1, which encodes a RING-type ubiquitin E3 ligase of the chloroplast 
outer membrane. The SP1 protein associated with TOC complexes and mediated ubiquitination of TOC 
components, promoting their degradation. Mutant sp1 plants performed developmental transitions that 
involve plastid proteome changes inefficiently, indicating a requirement for reorganization of the TOC 
machinery. Thus, the ubiquitin-proteasome system acts on plastids to control their development. 


hloroplasts belong to a family of plant 
organelles called plastids, which includes 
several nonphotosynthetic variants (such as 
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etioplasts in dark-grown seedlings and carotenoid- 
rich chromoplasts in fruits) (/). A specific feature 
of the plastid family is the ability to interconvert 
in response to developmental and environmen- 
tal cues—for example, during de-etiolation or 
fruit ripening (/). Such plastid interconversions 
are linked to reorganization of the organellar 
proteome (2, 3). 

Over 90% of the thousands of proteins in 
plastids are nucleus-encoded and imported from 
the cytosol posttranslationally (/). The translocon 
at the outer envelope of chloroplasts (TOC) rec- 
ognizes chloroplast pre-proteins and initiates 
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Fig. 2. SP1 is located in the chloroplast outer-envelope membrane with 
its RING domain facing the cytosol. (A) SP1 protein map showing trans- 
membrane (TMD), intermembrane space (SP1ims), cytosolic (SP1cyt), and 
RING finger (RNF) domains. (B) Localization of SP1-YFP to chloroplast en- 
velopes (top) depended on the transmembrane domains, as revealed by a 
double-deletion mutant (bottom). Scale bar, 10 um. (C) Radiolabeled SP1 
in isolated chloroplasts was located in the membrane pellet (P) fraction 
after high-pH washing, in contrast with imported mature SSU which was 
in the soluble (S) fraction. Endogenous markers partitioned as expected 
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Fig. 1. The sp1 mutation suppresses the phenotype of the atToc33 knockout 
mutation, ppi7. (A) Plants grown on soil for 30 days. (B) Leaf chlorophyll 
contents of similar 40-day-old plants. (C) Ultrastructure of typical cotyledon 
chloroplasts in 10-day-old plants grown in vitro. Scale bar, 2 um. These and 
other micrographs were used to estimate (D) chloroplast cross-sectional area 
and (E) thylakoid development. (F) Protein import into isolated chloroplasts 
was measured by quantifying maturation (mat) of in vitro translated (IVT) 
Rubisco small subunit precursors (pre). (G) Analysis of chloroplast proteins by 
SDS—polyacrylamide gel electrophoresis and SYPRO (Invitrogen, Eugene, Oregon) 
staining, revealing sp1-linked restoration of the three main photosynthetic pro- 
teins: Rubisco large (LSU) and small (SSU) subunits; light-harvesting chlorophyll- 
binding protein (LHCP). All values are means + SEM (n > 4 experiments or 
samples). 
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(Coomassie stain; bottom). (D) Radiolabeled SP1 and C-terminally tagged 
SP1—hemagglutinin (HA)—FLAG were imported into chloroplasts before 
their treatment with thermolysin (Th), trypsin (Tryp), thermolysin plus 
Triton X-100 (Th/TX) (Fisher Scientific, Fair Lawn, New Jersey), or buffer 
lacking protease (Mock). Phosphor-imaging revealed protease sensitivity 
and protected fragments (of sizes not influenced by the C-terminal tag) 
consistent with outer membrane localization and the topology shown in (A). 
Immunoblot analysis of three endogenous markers confirmed efficacy of the 
treatments. 
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their translocation (4-6). The TOC machinery 
comprises the Omp85 (outer membrane protein, 
85 kD}+telated channel Toc75 and the receptor 
guanosine triphosphatases Toc34 and Toc159. The 
receptors protrude into the cytosol, where different 
isoforms contact pre-proteins with differing spec- 
ificity: In Arabidopsis, the major isoforms (atToc33 
and atToc159) recognize abundant precursors of 
the photosynthetic apparatus, whereas the minor 
isoforms (atToc34 and atToc132/atToc120) recog- 
nize housekeeping pre-proteins (7—/0). Receptor 
isoform levels vary developmentally depending on 
biochemical requirements of the plastids. 
Although the main TOC components were 
identified more than a decade ago, regulatory 
mechanisms that govern their action are poorly 
understood. To shed light in this area, we screened 
an ethyl methanesulfonate—mutagenized popu- 
lation of Arabidopsis for second-site suppres- 
sors of the atToc33 knockout mutation, plastid 
protein importl (ppil; which causes chlorosis 
due to defective protein import) (7), and iden- 
tified suppressor of ppil locus] (sp1). Double- 
mutant sp/ ppil plants were larger and greener 
than were ppil and exhibited improved chloro- 


A 1 


Se oe eee Se 


100 50'100 50'100 50 
atT0oc75-Il| "= rr 


, ppit — ppit 
WT sp7ppi?_ppit_ OX#1 OX#5 
100 50°100 50'% atToc159 ——) 


plast ultrastructural organization and protein im- 
port capacity (Fig. 1). Recovery mediated by sp/ 
was specific; two other mutations that cause 
chlorosis were not suppressed (fig. S1). The only 
other mutation found to be suppressed by sp/ 
was a hypomorphic allele of the gene encod- 
ing Toc75 (toc75-I1-3) (11, 12), implying a close 
functional relationship between SP1 and the TOC 
apparatus. 

The SP/ locus (Atl g63900) was identified by 
means of map-based cloning; the original sp/-/ 
allele carries a splice-junction mutation, causing 
frame-shifts, whereas two insertional mutants 
(sp1-2 and sp1-3) also lack the native SPJ tran- 
script and are phenotypically similar (fig. S2). 
SPI is a putative C3HC4-type really interesting 
new gene (RING) ubiquitin E3 ligase (/3, 14). 
Such E3s perform a crucial role in the ubiquitin- 
proteasome system (UPS), along with El and 
E2 enzymes and the 26S proteasome. The UPS 
is a central proteolytic system in eukaryotes with 
numerous components, accounting in Arabidopsis 
for ~6% of the proteome (/5). The El, E2, and 
E3 enzymes cooperate to attach ubiquitin to tar- 
get proteins, which are then typically degraded 
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by the proteasome. Targets are identified primarily 
by the E3s, of which there are many (~90% of 
1600 UPS components in Arabidopsis are E3s), 
enabling specific recognition (and regulation) of 
numerous, functionally diverse substrates (/5). 
Unimported plastid pre-proteins in the cytosol 
are UPS substrates (/6, 17), but whether the plastid 
itself is a target is not clear. Overexpression of 
SPI accentuated the phenotypes of TOC mu- 
tants, supporting the notion that it regulates the 
import machinery (fig. S3). 

The SP1 protein has two predicted transmem- 
brane spans (Fig. 2A). Translational fusions to 
yellow fluorescent protein (YFP) indicated lo- 
calization to the chloroplast envelope that was 
dependent on these transmembrane domains 
(Fig. 2B). In isolated chloroplasts, SP1 was re- 
sistant to alkaline extraction and partially sen- 
sitive to applied proteases (Fig. 2, C and D, and 
fig. S4), indicating that it is an integral outer- 
membrane protein with an intermembrane-space 
domain, and that the RING domain is cyto- 
solically oriented and accessible to UPS com- 
ponents. Localization of SP1 to chloroplasts (a 
major source of reactive oxygen species) may 
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Fig. 3. SP1 associates with TOC complexes and targets TOC components 
for UPS-mediated degradation via ubiquitination. (A) Immunoblot analysis 
of total leaf protein from different genotypes, including SP1 overexpressors 
(OX). Plasma membrane H*-ATPase, PMA2, acted as a loading control. Bars 
show means + SEM (n = 4 to 6 experiments). (B) Coimmunoprecipitation 
(IP) of TOC components with HA-tagged SP1 from protoplast extracts. Cells 
were transfected with an SP1-HA construct or empty vector (v). (C) In vitro 
pull-down of radiolabeled TOC components [or domains (25)] with GST-SP1 
baits. (D) In vitro ubiquitination of radiolabeled TOC components (but not 


atToc159G) by recombinant GST-SP1flex. Asterisks indicate a nonspecific 
48-kD band seen in all translations. Mono-ubiquitinated atToc159G would 
be expected to migrate near the 50 kD marker. (E) Ubiquitination of atToc33 
as in (D) using free and HA-tagged ubiquitin (8.5 and 9.4 kD, respectively). 
(F) Immunoprecipitation of TOC components with FLAG-tagged ubiquitin 
from transfected protoplasts. (G) Immunoprecipitation under denaturing 
conditions of FLAG-ubiquitin with atToc33; a control IP used excess anti- 
atTic110. Immunoglobulin G heavy chain (hc) is shown. Ubiquitinated 
species (Ub) are indicated [(D) to (G)]. 
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explain why SP1 is linked to programmed cell 
death (78). 

Two SP1 homologs exist in Arabidopsis: SP1- 
Likel (SPL1) and SPL2. They share topological 
similarity and considerable sequence identity with 
SP1, and both were located in the chloroplast 
envelope (fig. S5). However, overexpression of 
SP1’s closest relative, SPL/, did not complement 
sp! (fig. S6), suggesting that SP1 and its homo- 
logs have distinct clients. Also related to SP1 is 
the human mitochondrial outer-membrane pro- 
tein MULAN/MAPL, which controls mitochon- 
drial dynamics (/9—22). 

In planta, activity of SP1 depended on the 
presence of a functional RING domain (fig. S7, 
A to D), which in E3s is required for E2 recruit- 
ment (/4, 15). Purified SP1 had self-ubiquitination 
activity (/3), typical for E3s, which was sim- 
ilarly dependent on RING functionality (fig. S7, 
E and F). Polyubiquitinated SP1 was also detected 
in plants, in amounts proportional to RING in- 
tegrity (fig. S8A). Such auto-ubiquitination im- 
plies that SP1 itself is subject to UPS control, 
as E3s frequently are (/4). Accordingly, cellular 
SP1 protein levels were elevated upon treatment 
with the proteasome inhibitor MG132 (fig. S8B) 
(7, 23). 

Phenocopy of sp/-mediated suppression was 
observed when 26S proteasome mutants (24) 
were crossed to ppil or toc75-III-3 (fig. S9), sug- 
gesting that the UPS indeed controls chloroplast 


development. We thus set about identifying the 
target (or targets) of SP1 E3 activity. All tested 
TOC proteins were deficient in ppi/ relative to 
wild type but substantially recovered in sp/ ppil 
(Fig. 3A); other envelope proteins [Tic110, Tic40, 
OEP80, and SFR2 (25)] were largely unaffected 
by sp/. These changes were not attributable to 
pretranslational events because TOC transcript 
levels were comparable in the different geno- 
types (fig. S1OA). Similar TOC protein abun- 
dance recovery was apparent in sp/ toc75-III-3 
(fig. S10B). TOC protein levels were also ele- 
vated in the visibly normal sp/ single mutant, 
arguing against the possibility that the protein 
changes in sp/ ppil and sp! toc75-II]-3 were a 
consequence (rather than a cause) of the pheno- 
typic recovery. Moreover, SP1 overexpression 
preferentially depleted TOC proteins (Fig. 3A 
and fig. S10C); effects on other envelope pro- 
teins in the ppi/ background were likely indirect 
consequences of general phenotype severity 
(Fig. 3A and fig. $3). 

Consistent with the notion that TOC proteins 
are targeted for UPS-mediated degradation by 
SP1, all three principal TOC components coim- 
munoprecipitated with epitope-tagged SP1 from 
plant extracts (Fig. 3B). In vitro pull-down ex- 
periments revealed SP1 interactions with Toc75 
and all tested TOC receptors (Fig. 3C), which is 
not unusual because E3s often have diverse sub- 
strates (14, 15). These interactions were mediated 
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primarily by the SP1 intermembrane-space do- 
main and the membrane/intermembrane-space 
domains of the receptors. 

In vitro ubiquitination assays using radio- 
labeled TOC proteins, purified SP1, and UPS com- 
ponents revealed high-molecular-weight species 
indicative of TOC ubiquitination (Fig. 3D). Some 
ubiquitination occurred in the absence of E3 [pre- 
sumably mediated by E2 alone (26)], but for 
each TOC substrate, the extent of ubiquitination 
was enhanced in the presence of SP1. The iden- 
tity of mono-ubiquitinated atToc33 was confirmed 
by a size shift upon utilization of different forms 
of ubiquitin (Fig. 3E). 

Tn an in vivo assay for ubiquitination, the three 
main TOC components all co-immunoprecipitated 
with epitope-tagged ubiquitin in amounts pro- 
portional to the expression of SP1 (in sp/, 
amounts were less than in wild type; in an SP/ 
overexpressor, amounts were more) (Fig. 3F). 
Moreover, modified forms of atToc159 and 
atToc33 were apparent in the precipitates, which 
likely correspond to ubiquitinated species. Ab- 
sence of clearly ubiquitinated forms of Toc75 
may indicate that it is less readily ubiquitinated 
than the receptors in vivo, or more readily de- 
ubiquitinated (27). Regardless, its association 
with other ubiquitinated TOC proteins may be 
sufficient to promote its turnover via the UPS 
(28). In a reciprocal experiment (performed un- 
der denaturing conditions to disrupt noncovalent 
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Fig. 4. SP1 is important for developmental processes that require reor- 
ganization of the plastid proteome. (A to E) De-etiolation of seedlings grown 
in darkness for 6 [(A) to (D)] or 5 (E) days, upon transferral to continuous 
light. [(A) and (B)] Cotyledons of typical plants, and survival rates, after two 
days of illumination. [(C) and (D)] Ultrastructure of typical cotyledon plastids 
after 0, 6, and 24 hours of illumination, and proportion of plastids at each of 
three progressively more advanced developmental stages (25) after 6 hours 
of illumination. Scale bar, 2 um. (E) Chlorophyll contents after 16 hours of 
illumination. (F and G) Senescence of leaves induced by covering with 
aluminum foil. (F) Typical control (uncovered) and senescent (covered) leaves. 
(G@) Photochemical efficiency of photosystem II (F,/F,,) was measured to estimate 
the extent of senescence. All values are means + SEM (n = 3 to 9 experiments 
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protein-protein associations; see atToc159 con- 
trol), high-molecular-weight ubiquitin smears 
were apparent in atToc33 immunoprecipitates 
(Fig. 3G). Abundance of polyubiquitinated atToc33 
was controlled by proteasomal activity, as re- 
vealed by MG132 treatment. Thus, TOC compo- 
nents are indeed ubiquitinated in vivo, which 
controls their turnover. Genetic suppression by 
sp1 is likely due to the stabilization of TOC com- 
ponents (such as atToc75-III and atToc34). 

Our data imply a role for SP1 in the reor- 
ganization of the TOC machinery (fig. S11) and 
a mechanism for the regulation of plastid bio- 
genesis. This might be important during devel- 
opmental phases in which plastids convert from 
one form to another through organellar proteome 
changes (/—3). For example, during fruit ripen- 
ing in crops such as tomato and citrus, chloroplasts 
differentiate into chromoplasts, which accumu- 
late carotenoid pigments of dietary importance 
(3). In Arabidopsis, when etiolated seedlings are 
exposed to light, heterotrophic etioplasts rapidly 
differentiate into chloroplasts (29). This is es- 
sential for initiation of photoautotrophic growth 
after seed germination beneath the soil. In accord- 
ance with the hypothesis, sp/ single mutants 
de-etiolated inefficiently, displaying reduced sur- 
vival rates linked to delayed organellar differen- 
tiation (Fig. 4, A to E), reduced accumulation 
of photosynthetic proteins, and imbalances in 
TOC receptor levels (fig. S12). At the other end 
of the life cycle, chloroplasts transform into 
gerontoplasts as catabolic enzymes accumulate 
to recover resources from the organelles of se- 
nescent leaves for use elsewhere in the plant. 
This response is characterized by declining pho- 
tosynthetic performance and can be induced 
prematurely by dark treatment (30). The sp/ mu- 


tation also attenuated this transition (Fig. 4, F 
and G), whereas SP/ overexpression enhanced 
both senescence and de-etiolation (Fig. 4), pre- 
sumably because of the hastening of organellar 
proteome changes. 

Identification of plastids as targets of UPS 
activity extends the known field of influence of 
this remarkably pervasive eukaryotic regulatory 
network. Although its direct action may be lim- 
ited to cytosolically exposed proteins of the 
plastid’s outer membrane, this may orchestrate 
wholesale internal changes through reorganiza- 
tion of the protein import machinery. 
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Tricking the Guard: 


Exploiting Plant 


Defense for Disease Susceptibility 


J. Lorang,? T. Kidarsa,?* C. S. Bradford,?+ B. Gilbert,? M. Curtis, S.-C. Tzeng,” 


C. S. Maier,” T. J. Wolpert? 


Typically, pathogens deploy virulence effectors to disable defense. Plants defeat effectors with 
resistance proteins that guard effector targets. We found that a pathogen exploits a resistance 
protein by activating it to confer susceptibility in Arabidopsis. The guard mechanism of plant 
defense is recapitulated by interactions among victorin (an effector produced by the necrotrophic 
fungus Cochliobolus victoriae), TRX-h5 (a defense-associated thioredoxin), and LOV1 (an 
Arabidopsis susceptibility protein). In LOV1's absence, victorin inhibits TRX-h5, resulting in 
compromised defense but not disease by C. victoriae. In LOV1's presence, victorin binding to 
TRX-h5 activates LOV1 and elicits a resistance-like response that confers disease susceptibility. We 
propose that victorin is, or mimics, a conventional pathogen virulence effector that was defeated 
by LOV1 and confers virulence to C. victoriae solely because it incites defense. 


isease susceptibility and resistance are 
Dem considered opposite plant re- 
sponses to pathogen challenge. However, 
for disease caused by the fungus Cochliobolus 


victoriae, susceptibility and the host resistance 
response appear to be one and the same (/). Most 


pathogens gain virulence by expressing effectors 
that target proteins integral to host defense. The 
guard model posits that plants defeat pathogen 
virulence by guarding effector targets with resistance 
(R) proteins in a process called effector-triggered 
immunity or R-gene resistance (2, 3). The largest 


class of R proteins consists of nucleotide-binding 
leucine-rich repeat (NB-LRR) proteins related to 
innate immune response proteins in animals (2, 3). 
The Arabidopsis thaliana gene LOV] encodes a 
typical NB-LRR but is unique because it confers 
sensitivity to the fungal toxin victorin, and thus sus- 
ceptibility (S) rather than resistance to C. victoriae 
(J). Although LOV/ conditions disease suscepti- 
bility, it initiates a defense-like response and requires 
structural features identical to those of resistance- 
associated NB-LRRs (/, 4). Additionally, LOV1 
is widespread and conserved in Arabidopsis, im- 
plying that it is maintained for resistance to an 
unidentified pathogen (4). In support of this pre- 
sumption is the original description of C. victoriae 
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as causal to Victoria blight of oats. Victoria blight 
affects oats bred for single-gene (Pc2) resistance 
to the crown rust pathogen, Puccinia coronata 
(5). The locus conferring C. victoriae suscepti- 
bility, Yb, and Pc2 were never genetically resolved 
and are surmised to be one and the same (5). 
Hence, multiple lines of evidence associate suscep- 
tibility to C. victoriae with disease resistance, but 
mechanistic proof of this association is lacking. 

We propose that susceptibility to C. victoriae 
conforms to the guard model of plant defense. 
We find that victorin, an effector required by 
C. victoriae for pathogenesis, binds to thioredoxins 
(TRXs). TRXs regulate the redox homeostasis 
of cells by functioning as protein disulfide oxido- 
reductases. Victorin exhibits characteristics of a 
canonical virulence effector by targeting TRX- 
h5, a thioredoxin required for redox control of the 
transcriptional regulator, NPR1 (6). As a key reg- 
ulator of local and systemic acquired resistance 
(7), NPR1 presents a conspicuous effector target. 
We also find that LOV1 is activated (causes cell 
death) when TRX-h5 binds victorin. However, 
activation of this NB-LRR guard (LOV1) leads 
to disease susceptibility instead of resistance, pre- 
sumably by facilitating C. victoriae’s necrotrophic 
exploitation of the associated host cell death (/). 
Thus, victorin is an atypical virulence effector be- 
cause it confers virulence by evoking rather than 
suppressing defense. 

Thioredoxins (TRXs) regulate the redox ho- 
meostasis of cells by functioning as protein di- 
sulfide oxidoreductases. TRXs contain two active-site 
cysteines that form an oxidized disulfide or exist 
as free sulfhydryls that reduce and regulate the 
activity of target proteins. Of the eight Arabidopsis 
h-type TRXs, only TRX-hS is genetically required 
for victorin sensitivity (8) and induced by biotic 
stress (9). Although TRX-h5 mutants are complete- 
ly victorin-insensitive, overexpression of TRX-h3, 
the constitutive leaf TRX-h, can partially rescue 
TRX-h5 mutants (8). 

Victorin sensitivity in Arabidopsis requires 
the TRX-hS protein but not its enzymatic activity, 
because mutation of the TRX-h5 essential active- 
site Cys” or both thioredoxin reductases does not 
compromise victorin-induced cell death. Mutation 
of TRX-hS at active-site Cys (TRX-h5C39S) does 
abolish victorin-induced cell death (8). Because 
TRX-hS but not its enzymatic activity is required 
for LOV1 function, and because NB-LRR proteins 
are known to survey host proteins for modifica- 
tion, we evaluated TRX-h5 for victorin-induced 
modifications (/0). We found that TRX-h5 ex- 
hibits a ~1-kD shift in electrophoretic mobility 
when treated with victorin in vivo (Fig. 1). The 
victorin molecule (~1 kD) induced a similar shift 
to all thioredoxins tested (fig. S1), which suggests 
that victorin is generally reactive to thioredoxins. 
Furthermore, biotin-labeled victorin coimmuno- 
precipitated with shifted TRX-h5, indicating that 
victorin binds TRX-h5 (Fig. 1B). A covalent as- 
sociation of victorin with TRX-h5 was confirmed 
by mass spectrometry (fig. S2). The ability of TRX- 
h5C42S but not TRX-h5C39S to bind victorin cor- 


related with the respective abilities of these pro- 
teins to support victorin-induced cell death (Fig. 1A 
and fig. S3), which suggests that victorin binding 
is essential for cell death and occurs at Cys*”. We 


provide several lines of evidence that this is the 
case. First, victorin’s aldehyde moiety is essen- 
tial for both toxicity (//) and binding to TRX-h5 
(Fig. 1C). Second, victorin binds TRX-h5 under 
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Fig. 1. Victorin binds to TRX-h5. (A and B) Immunoblot of wild-type and mutant, myc-tagged TRX-h5 
proteins from Arabidopsis leaves hours after treatment (hpi) with victorin (A) or biotinylated victorin (B). 
Proteins were detected with antibody to myc (A) or immunoprecipitated with antibody to myc and detected 
with antibodies to biotin and myc (B). Victorin binding is seen as a ~1-kD increase in the apparent mass of 
TRX-h5. (C) Purified, His-tagged TRX-h5 incubated in vitro with 1 mM dithiothreitol (DTT) and 10 uM native 
victorin or victorin in which the aldehyde moiety has been reduced to a primary alcohol (Vic-OH). Protein 
detected by silver staining. (D) Purified, His-tagged TRX-h5 incubated in vitro with or without 10 uM 
victorin, 1 mM DTT, and 1 mM N-ethylmaleimide and detected by Coomassie staining. 
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Fig. 2. Victorin inhibits thioredoxin activity. (A) Left: TRX-h5—catalyzed reduction of insulin measured by 
change in optical density at 650 nm (AOD¢g0) of insulin (0.1% w/v) in the presence of 1 mM DTT (solid circles) 
or 1 mM DTT and 11M (solid squares), 5 uM (triangles), or 10 uM (open circles) victorin. Open squares denote 
insulin reduction in the presence of 1 mM DTT without TRX-h5. Right: Relative specific activity of TRX-h5 in the 
presence of 0, 1, 5, or 10 uM victorin. Error bars represent SE from triplicate assays. (B) Quantitative reverse 
transcription polymerase chain reaction analysis of PR1 from leaves of 3-week-old Arabidopsis (lov1, lov1) 
grown in hydroponic solution and transferred to water or victorin (20 ,1g/ml) 48 hours before spraying with 
water or 1 mM salicylic acid (SA). RNA was isolated 24 hours after SA treatment. SE bars represent V = 8 (4 
biological x 2 technical replicates). Data were reproducible in separate experiments. (C) Colony-forming units 
of Pseudomonas syringae pv. maculicola (Psm) from 3-week-old Arabidopsis (lov1, lov1) leaves 2 days after 
treatment with Psm, 0.1 ODgoo. Leaves were infiltrated with water or victorin (100 pg/ml) 2 hours before 
treatment with Psm. SE bars represent NV = 6 biological replicates containing three leaf discs each. 
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reducing conditions (free sulfhydryls), but not un- 
der nonreducing conditions or in the presence of 
the sulfhydryl blocker N-ethylmaleimide (Fig. 1D). 
Finally, mutation of the only cysteine in TRX-h5 
(Cys'®) other than the active-site cysteines does not 
affect victorin binding or induced cell death (fig. 
S83). Collectively, these data suggest that victorin 
binds TRX-hS at the active-site Cys*’, which is re- 
quired for LOV1 activation. 

Activation of LOV1 upon victorin binding to 
TRX-hS implies that TRX-hS5 is guarded because 
it plays a role in defense. One defense function of 
TRX-hS is to regulate the redox state of NPR1 
(6). NPR1 normally exists in the cytosol as a 
thiol-bound oligomer. Upon pathogen challenge 
or treatment with salicylic acid, TRX-h5 is up- 
regulated (6, 9). TRX-h5 then reduces NPR1 
oligomers, resulting in monomer release, trans- 
location to the nucleus, and regulation of defense 
gene expression associated with both local and 
systemic resistance (6). Because victorin binds to 
the TRX-h5 active site, it should inhibit its activ- 
ity. We measured TRX-hS activity in vitro using 
a reduction-of-insulin assay (/0) and found that 
victorin markedly inhibited TRX-hS activity (Fig. 
2A). Accordingly, victorin inhibition of TRX-h5 
activity in planta (in the absence of LOV1) should 
compromise defense-gene expression conferred by 
NPR1. We found that seedlings (/ov//lov/) treated 


Fig. 3. LOVi guards TRX- a 
h5. (A) Transient expres- 
sion of LOV1 (left), TRX-h5 
(center), or LOV1 and TRX- 
h5 (right) in WV. benthamiana 
infiltrated with water or 
victorin (1 ug/ml). (B) Yeast 
two-hybrid assay of LOV1, 
TRX-h5, and control proteins 
on SD/Trp/-His medium (left) 
and SD/-Leu/-Trp/-His me- 
dium (right). (C) Confocal 
fluorescence microscopy of 
N. benthamiana leaves tran- 
siently expressing proteins 
tagged with yellow fluores- 
cent protein (YFP) or split-VFP* 
(BiFQ). From left to right: top C Loy1-yFp 
row, 35S:LOV1-YFP, 35S:TRX- 
h5-YFP; 35S:YFP-RPS5; 35S: 
cYFP-LOV1+35S:nYFP-GST, 
bottom row, 35S:cYFP-LOV1+ 
35S:nYFP-TRX-h5; 35S:cYFP- 
GST+35S:nYFP-TRX-h5; 
35S:cYFP-RPS5+35S:nYFP- 
TRX-h5; 35S:cYFP+35S: 
nYFP-GST. Red, chlorophyll 
autofluorescence; yellow, 
YFP fluorescence. Scale bars, 
10 uum. (D) Immunoblot of 
10 11g of soluble (SOL), other 
membrane (OM), or plas- 
ma membrane (PM) protein 
fractions from two-phase ex- 


35S: LOV1 


with victorin exhibited salicylic acid-induced 
PRI expression (a reporter for NPR1 activation) 
that was lower than in controls by a factor of 3 
(Fig. 2B). This extent of PR/ repression is equiv- 
alent to that reported for TRX and thioredoxin 
reductase mutants (6). We also found that victorin 
increased susceptibility to Pseudomonas syringae 
pv. maculicola (Psm) (Fig. 2C). This increase in 
disease susceptibility is equivalent to that displayed 
by an NPR/ mutant (6, 7) (fig. S4), statistically 
significant by ¢ test (P < 0.001) and highly re- 
producible. In this capacity, and as implicated by 
the guard model, victorin acts as a canonical viru- 
lence effector through its inhibition of thioredoxin 
and subsequent repression of local resistance to 
Psm. Systemic application of victorin also inhib- 
ited salicylic acid-induced resistance (fig. S5). 
Salicylic acid is associated with both local and 
systemic acquired resistance. However, because 
pathogens secrete effectors locally, the potential 
to inhibit systemic acquired resistance is difficult 
to place in a biological context. Interestingly, sys- 
temic acquired resistance discourages sequential 
infection of an individual plant and thus could pro- 
vide formidable defense against pathogens that 
undergo polycyclic infection, such as rusts (/2). 

Heterologous expression of NB-LRR proteins 
in Nicotiana benthamiana often results in NB-LRR 
autoactivation or activation in the presence of the 
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cognate pathogen effector (3). Expression of only 
LOV1 in N. benthamiana did not result in cell 
death, even after treatment with victorin. However, 
coexpression of TRX-h5 and LOVI conferred 
victorin sensitivity (Fig. 3A). Thus, LOV1 ac- 
tivation relies on TRX-hS, and their coexpression 
is both necessary and sufficient to confer victorin 
sensitivity. Furthermore, as in Arabidopsis (Fig. 
1) (8), the ability of TRX-h5 to bind victorin is 
required for LOV1 activation (fig. S3). 

Because LOV1 requires TRX-h5 coexpression 
and is activated when TRX-hS (or enzymatically 
inactive TRX-hS5) binds victorin, we explored the 
possibility that LOV1 and TRX-hS interact. Yeast 
two-hybrid analyses demonstrated that TRX-h5 
interacts strongly with the LOV1 CC domain but 
not the LRR domain, and weakly with full-length 
LOV1 (Fig. 3B). In contrast, TRX-h3 interacted 
only weakly with the LOV1 CC domain (Fig. 3B). 
A fluorescent fusion of LOV1 exclusively labeled 
the cell periphery (Fig. 3C), and subcellular frac- 
tionation revealed that LOV1 and TRX-hS copurify 
with the plasma membrane (Fig. 3D) even though 
TRX-hS5 predominantly occupies the cytoplasm. 
TRX-hS localization to the plasma membrane 
was also independently corroborated by proteome 
analyses (/3). Finally, bimolecular fluorescence 
complementation (BiFC) supported an interaction 
of LOV1 and TRX-hS at the plasma membrane 
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traction of N. benthamiana transiently expressing LOV1 and myc-TRX-h5. H+ATPase is used as a plasma membrane marker; Rubisco (ribulose-1,5-bisphosphate 
carboxylase-oxygenase) is used as a marker for soluble proteins. 
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(Fig. 3C). Coimmunoprecipitation of LOV1 and 
TRX-h5 was not successful, possibly because of 
conditions required for solubilizing LOV1. None- 
theless, the cumulative data indicate that LOV1 
and TRX-hS interact in some manner at the plasma 
membrane, consistent with the idea that TRX-h5 
is guarded by LOV1. 

The guard model accounts for plants having 
immunity to a myriad of pathogens while possess- 
ing a limited number of R genes (2, 3). R gene 
limitation is possible because effector targets are 
limited, and pathogens (however numerous) secrete 
functionally redundant virulence effectors. This 
implies that R genes across plant species evolve 
to guard common targets (14). We have observed 
victorin sensitivity in oats, Arabidopsis, barley, 
rice, Brachypodium (15), and bean (fig. S6). Be- 
cause victorin binds diverse thioredoxins (fig. 
S1) and sensitivity is conditioned by a NB-LRR 
gene (LOV1) in Arabidopsis, inseparable from 
the Pc2 resistance gene in oats, and mapped to a 
genomic region rich in NB-LRR genes in barley 
(/5), the data suggest that victorin sensitivity is 
evoked by a common mechanism across these 
species: by victorin binding to a thioredoxin that 
is guarded by a NB-LRR protein. Given this and 
the important defense functions of TRXs (6), it is 
possible that multiple pathogens target thioredox- 
ins to enhance virulence (i.e., redundant virulence 
effectors). Notably, C. victoriae does not cause 


disease in Arabidopsis in the absence of LOV] or 
in oats in the absence of Vb (5). This is important 
because it implies that victorin production did not 
evolve in C. victoriae to inhibit TRX-hS—conferred 
defense. Rather, C. victoriae uses victorin solely in 
its capacity as a defeated effector to exploit R gene— 
mediated defense for disease susceptibility. This 
suggests that other defeated effectors could confer 
virulence if expressed by the appropriate pathogen. 
Susceptibility to three other necrotrophic path- 
ogens has been associated with R-like genes 
(16, 17). Given the numbers of R genes in plant 
genomes and defeated virulence effectors col- 
lectively deployed by biotrophic pathogens, this 
study underpins the importance of understanding 
the limits to necrotroph exploitation of effector- 
triggered immunity (resistance-mediated suscep- 
tibility), so that future deployment of resistance 
does not lead to the emergence of new disease. 
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Tug-of-War in Motor Protein Ensembles 


Revealed with a Programmable 
DNA Origami Scaffold 


N. D. Derr,”3* B. S. Goodman,’* R. Jungmann,*? A. E. Leschziner,® 


W. M. Shih,?2° S. L. Reck-Peterson*+ 


Cytoplasmic dynein and kinesin-1 are microtubule-based motors with opposite polarity that 
transport a wide variety of cargo in eukaryotic cells. Many cellular cargos demonstrate bidirectional 
movement due to the presence of ensembles of dynein and kinesin, but are ultimately sorted 
with spatial and temporal precision. To investigate the mechanisms that coordinate motor 
ensemble behavior, we built a programmable synthetic cargo using three-dimensional DNA origami 
to which varying numbers of DNA oligonucleotide-linked motors could be attached, allowing for 
control of motor type, number, spacing, and orientation in vitro. In ensembles of one to seven 
identical-polarity motors, motor number had minimal affect on directional velocity, whereas 
ensembles of opposite-polarity motors engaged in a tug-of-war resolvable by disengaging one 


motor species. 


ytoplasmic dynein and kinesin-1 (referred 

to as “dynein” and “kinesin” here) are 

opposite-polarity, microtubule-based motors 
that are responsible for producing and maintain- 
ing subcellular organization via the transport of 
many cargos in eukaryotic cells (/, 2). Defects in 
these transport processes have been linked to neu- 
rological diseases (/, 3, 4). Microtubules contain 
inherent structural polarity, polymerizing rapidly at 
their “plus” ends and more slowly at their “minus” 


ends (5), with dynein and kinesin driving most 
minus- and plus-end—directed microtubule trans- 
port, respectively (2). Although some transport 
tasks require a single motor type, many cargos use 
both dynein and kinesin and move bidirectionally 
on microtubules (/, 6, 7). The mechanisms that 
allow ensembles of identical-polarity motors to co- 
ordinate their activity and ensembles of opposite- 
polarity motors to achieve both processive movement 
and rapid switches in direction are unknown. 


To dissect the biophysical mechanisms of 
motor-driven cargo transport, we designed a pro- 
grammable, synthetic cargo using three-dimensional 
DNA origami (8, 9) (also see supplementary ma- 
terials and methods). The cargo consisted ofa 12- 
helix bundle with 6 inner and 6 outer helices (Fig. 
1A and fig. S1) (0). We refer to this structure as 
a “chassis,” akin to an automobile chassis that 
serves as a skeletal frame for the attachment of 
additional components. The origami chassis was 
made by rapidly heating and slowly cooling an 
8064-nucleotide, single-strand DNA (ssDNA) 
“scaffold” in the presence of 273 short, ssDNA 
“staples” (fig. S1A and tables S1 to $3), which 
hybridize with discontinuous regions of the 
scaffold to fold it into a desired shape. Selective 
inclusion of staples with extra “handle” sequences 
that project out from the chassis provide site- and 
sequence-specific attachment points for motors, 
fluorophores, or other chemical moieties (Fig. 1B). 
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Next, we purified well-characterized model 
dynein and kinesin motors and covalently linked 
them to DNA oligonucleotide “antihandles” com- 
plementary to the handle sequences on the chas- 
sis. We used a minimal dimeric Saccharomyces 
cerevisiae dynein (J/, 12) and a minimal dimeric 


human kinesin-1 (/3), both of which contained 
a SNAP;-tag at their cargo-binding domain for 
oligonucleotide antihandle attachment. 

We next assessed motor-chassis complex as- 
sembly. Gel-shift assays of the dynein chassis 
indicated an ~80% probability for individual 


A c Chassis Dynein-chassis 
1 2 3. 4 1 2 3 4 Handles 
4 14nm ; 
| ai Dynein- 
chassis 
j $n complex 
01234 567 8 9 10 11142 13 14 
225 nm 
Chassis 


B Chassis with 4 dynein handles = 


Oligonucleotide-labeled dynein 

Fig. 1. Design and validation of a three-dimensional DNA origami synthetic cargo. (A) Schematic 
of the 12-helix-bundle chassis structure with 6 inner and 6 outer helices. Each outer helix contains 
up to 15 optional handles, yielding 90 uniquely addressable sites. Each handle consists of an 
unpaired 21-bp (~7 nm) oligonucleotide sequence for hybridization to complementary antihandle 
sequences covalently attached to motors or fluorophores. The inset shows an orthogonal cross 
section. (B) Schematic of a chassis labeled with five fluorophores (red) at handle position 14 on 
each of five outer helices and dynein handles at positions 1, 5, 9, and 13 on a single outer helix. 
Oligonucleotide-labeled dynein is also shown. (C) Agarose gel-shift assay of a carboxytetrame- 
thylrhodamine (TAMRA)-labeled chassis containing one to four handles in the absence (left lanes) 
or presence (right lanes) of dynein labeled with an antihandle oligonucleotide. Chassis are 
visualized by TAMRA fluorescence. See fig. S2B for occupancy quantification. (D) Negative-stain 
TEM images of the four-dynein—chassis complex. Scale bar, 40 nm. 
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dynein occupancy at each motor site on the 
chassis (Fig. 1C and fig. S2A). Due to kinesin’s 
small size relative to dynein, similar assays with 
the kinesin chassis did not allow individual oc- 
cupancy numbers to be resolved (fig. S2B). When 
the kinesin antihandle was used with dynein, 
however, we again observed ~80% occupancy, in- 
dicating no handle-sequence-specific effects on 
motor-chassis linking (fig. $2, C and D). Super- 
resolution fluorescence imaging with the use of 
DNA-PAINT (/4) revealed that submaximal han- 
dle incorporation into the folded chassis was 
probably responsible for incomplete motor occu- 
pancy (fig. S3), in agreement with previous reports 
(15, 16). Negative-stain transmission electron mi- 
croscopy (TEM) of fully assembled chassis struc- 
tures showed dynein motors occupying sites on 
the chassis at the programmed locations (Fig. 1D). 

We quantified the motile properties of dynein 
alone or dynein ensembles on the chassis with 
one, two, four, or seven motor-attachment sites 
(1D, 2D, 4D, and 7D, respectively) on micro- 
tubules at the single-molecule level using total 
internal reflection fluorescence microscopy (Fig. 
2A). The average velocity of a single dynein was 
similar to that of the 1D and 2D ensembles, 
whereas 4D and 7D ensembles moved slightly 
slower (Fig. 2B and fig. S4A). The characteristic 
run length (total distance moved) and time (total 
duration of the run) of the dynein ensembles in- 
creased with the number of motor sites for the 
1D, 2D, and 4D ensembles (Fig. 2, C and D, and 
fig. S4, B and C). The 4D and 7D ensembles were 
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Fig. 2. Single-molecule motile properties of chassis-motor complexes. (A) 
Kymographs of a tetramethylrhodamine (TMR)—labeled dynein alone and a 
TAMRA-labeled chassis with 1, 2, or 4 dyneins. Plus (+) and minus (-) denote 
microtubule polarity. Scale bars: 1 min (x axis), 5 pum (y axis). (B) Quantification 
of average segment velocities + SD (error bars) of dynein and dynein-chassis 
complexes. The 4D and 7D ensembles moved significantly slower than dynein 
alone or the 1D or 2D ensembles (one-tailed t test, P < 0.001; N > 211 runs). In 
higher ionic concentration (t ions), the 4D and 7D ensemble velocities were 
significantly different (one-tailed t test, P < 0.001; NW > 208). (C) Quantifica- 
tion of run lengths + SE (error bars) of dynein and dynein-chassis ensembles 
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(N > 208). (D) Quantification of total run times + SE (error bars) of dynein and 
dynein-chassis ensembles (W > 208). (E) Kymographs of TMR-labeled kinesin 
alone and a TAMRA-labeled chassis with 1, 2, or 4 kinesins. Scale bars: 1 min 
(x axis), 5 um (y axis). (F) Quantification of average segment velocities + SD 
(error bars) of kinesin and kinesin-chassis ensembles. Comparison of velocities 
yielded no statistical differences (analysis of variance test, P > 0.05; N > 301). 
(G) Quantification of run lengths + SE (error bars) of kinesin and kinesin- 
chassis ensembles (NV > 301). (H) Quantification of total run times + SE (error 
bars) of kinesin and kinesin-chassis ensembles (NV > 301). For additional 
statistical analysis, see figs. $4 to S6. 
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so processive that their run lengths and times were 
similar to each other in standard assay buffer, 
where microtubule length and imaging duration 
become limiting (Fig. 2, C and D). However, 
when assayed in high—ionic strength buffer, which 
decreases dynein’s processivity (17), the 7D en- 
semble was more processive than the 4D ensem- 
ble (Fig. 2, C and D, and figs. S4 and $5). 

We performed a similar analysis of kinesin 
alone and kinesin ensembles on the chassis with 
one, two, four, or seven motor-attachment sites 
(1K, 2K, 4K, and 7K, respectively; Fig. 2, E to 
H). The average velocities of the kinesin en- 
sembles remained constant (Fig. 2F and fig. S6A), 
whereas run lengths and times increased with in- 


Rea apie aa haps inp a tn on 


yy 


— 


- Microtubule 
Bos C 10 


0.8 

gL 2 creasing motor n r (Fig. 2, G and H, and fig. 
2 ~Minusend] © easing motor number (Fig. 2, G and d fig 
g H > S6, B and C). 

(a) e Immobile 6 0.6 ; 
5 en 5 Recent models of motor ensemble behavior 
5 5o using a transition-state framework predict run 
% 8 : lengths that are several orders of magnitude higher 
rm uw than what we observed (/8). In contrast, our data 


0.2 


suggest that motor microtubule binding dynamics 
0 0 may be influenced by the presence and number of 
0.1 1 10 Minus end Immobile Plus end other motors on a shared cargo, similar to previous 
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Fig. 3. Chassis attached to dynein and kinesin frequently engage in a stalled tug-of-war. (A) Kymographs two dyneins, velocity was unaffected by motor 
of a TAMRA-labeled chassis attached to dynein only (leftmost panel), kinesin only (rightmost panel), or Umber. However, for 4D and 7D ensembles, 
varying ratios of dynein and kinesin motors (middle panels). Plus (+) and minus (-) denote microtubule velocity was decreased, suggesting that intermo- 
polarity. Scale bars: 1 min (x axis), 5 yum (y axis). (B) Quantification of the fraction of events for each !0F interference call affect motor stepping rate. To 
chassis observed as defined by their dynein—to—kinesin-handle ratio. Chassis were immobile, moving test this hypothesis, we engineered the chassis 
toward the minus end, or moving toward the plus end (V > 221) (table 56). The x axis of dynein-to-kinesin _ with locations for inactive mutant dyneins (denoted 
ratios is a logarithmic scale, and linear-log fits highlight the trends observed. (C) Quantification of the 4’) incapable of binding adenosine triphosphate 
fraction of events + SE (error bars) observed to be immobile, moving toward the minus end, or moving (ATP) at dynein’s main site of ATP hydrolysis; 
toward the plus end for mixed ensembles containing two dyneins and five kinesins (V > 352). The dyneins _ this mutant binds microtubules tightly, but does 
were either wild type (D) or a highly processive mutant (d”). not move (23). Dynein ensembles programmed 
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to bind differing ratios of active and inactive motors 
(table S6) moved with reduced velocity (fig. S7), 
demonstrating that intermotor negative interfer- 
ence decreases cargo velocity. 

We next investigated the motility of the chas- 
sis linked to mixed ensembles of opposite-polarity 
motors. We quantified the motility of the chassis 
as a function of the dynein-to-kinesin (D:K) ratio 
(table S6). All mixed-motor ensembles moved 
unidirectionally (Fig. 3A) with no reversals detected 
at a precision of ~10 nm. With the exception of 
the 1D:6K chassis, all ensembles were more likely 
to move toward the minus end of the microtubules 
(Fig. 3B). Mixed-motor ensembles were relatively 
insensitive to increasing the number of kinesin 
motors compared with increasing the number of 
dynein motors, which could be due to kinesin en- 
sembles operating predominantly through the ac- 
tions of fewer motors at any given time (24). 
Based on the stall forces of dynein [~5 pN (25)] 
and kinesin [~7 pN (26)], we expected that kinesin 
plus-end runs would have been more dominant. 
In contrast, our results suggest that stall force was 
not the only parameter governing the behavior of 
opposite-polarity motor ensembles (27). Other pa- 
rameters, such as microtubule affinity, detach- 
ment force, and velocity-dependent on-rates, could 
also be relevant (20-22, 28-31). Mixed-motor 
ensembles moved more slowly and for longer pe- 
riods of time than did equivalent single-motor— 
type ensembles (fig. S8, A and B), with the 
magnitude of this effect being more pronounced 
in the plus-end direction. Notably, mixed en- 
sembles of dynein and kinesin were more likely 
to be immobile than identical-motor ensembles, 
suggesting that opposite-polarity motors en- 
gage in a tug-of-war that prevents cargo movement 
(Fig. 3B). 

Based on the longer run lengths and times of 
yeast dynein compared with human kinesin, we 
hypothesized that dynein runs dominated in mixed- 
motor ensembles due to dynein’s higher micro- 
tubule affinity. To test this, we purified a mutant 
dynein with a higher processivity and affinity for 
microtubules (denoted d”) (/7) and paired it with 
kinesins. The 2d?:5K ensemble was even more 
likely to move in the dynein direction and had 
fewer immobile chassis structures compared with 
the 2D:5K ensemble containing wild-type (WT) 
dynein (Fig. 3C). These results suggest that 
track affinity is a key motor property in governing 
opposite-polarity motor ensemble motility. Mixed 
ensembles containing the high-affinity dynein mu- 
tant also produced slower plus-end runs and longer 
run times in both directions compared with the 
equivalent WT system (fig. S8, C and D). 

We wanted to determine if mixed-motor en- 
sembles were nonmotile due to a stalled tug-of- 
war. To regulate motor attachment to the chassis, 
we introduced photocleavable linkers in selected 
handles such that illumination with a 405-nm laser 
released one motor type from the chassis (Fig. 
4A). We designed two modified chassis: (1) 2D:5K*, 
with photocleavable (*) kinesins, and (ii) 2D*:5K, 
with photocleavable dyneins. We monitored the 


motile properties of these chassis structures be- 
fore and after laser-induced photocleavage (Fig. 
4B). Cleavage was rapid (fig. S9); within seconds 
of photocleaving motors of one type, immobile 
chassis moved in the direction of the remaining 
motors (Fig. 4B). We classified the state of each 
chassis before and after photocleavage (Fig. 4C) 
and found that the majority of stalled tug-of-war 
events were resolved into active motility (Fig. 
4D), indicating that disengagement of one mo- 
tor type can resolve tug-of-war events between 
dynein and kinesin. Though we also observed rare 
events in which ensembles switched directions af- 
ter photocleavage, we more commonly observed 
that chassis would dissociate when moving in the 
direction of the cleaved motor (fig. S10). 

Using DNA origami, we built a versatile, syn- 
thetic cargo system that allowed us to determine 
the motile behavior of microtubule-based motor 
ensembles. In ensembles of identical-polarity 
motors, the motor number had a minimal affect 
on directional velocity, whereas ensembles of 
opposite-polarity motors engaged in a tug-of- 
war resolvable by disengaging one motor species. 
Yeast dynein’s high microtubule affinity allowed 
it to dominate in mixed ensembles, whereas the 
ratio of dynein to kinesin dictated cargo direction- 
ality, supporting experiments performed in vivo 
or in cell-free lysates (32-34). The reduction in 
velocity reported here for opposite polarity mo- 
tor ensembles also agrees with in vivo reports 
of dynein and kinesin tug-of-war (32, 35). The high 
probability with which mixed ensembles of ac- 
tive dynein and kinesin motors were immobile 
suggested that, for this motor pair, efficient bidi- 
rectional transport requires extrinsic regulation (36). 
Motors with comparable microtubule affinities 
and binding kinetics, such as those that coevolved 
in the same biological system, may produce bi- 
directional transport characteristics similar to those 
observed in vivo (6, 37, 38). The system we built 
provides a powerful platform to investigate the 
motile properties of any combination of identical- 
or opposite-polarity motors and could also be 
used to investigate the role of motor regulation. 
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Ribosomal proteins are synthesized in the cytoplasm, before nuclear import and assembly with 
ribosomal RNA (rRNA). Little is known about coordination of nucleocytoplasmic transport with 
ribosome assembly. Here, we identify a transport adaptor, symportin 1 (Syo1), that facilitates 
synchronized coimport of the two 5S-rRNA binding proteins Rpl5 and Rpl11. In vitro studies 
revealed that Syo1 concomitantly binds Rpl5-Rpl11 and furthermore recruits the import receptor 
Kap104. The Syo1-Rpl5-Rpl11 import complex is released from Kap104 by RanGTP and can be 
directly transferred onto the 5S rRNA. Syo1 can shuttle back to the cytoplasm by interaction with 
phenylalanine-glycine nucleoporins. X-ray crystallography uncovered how the a-solenoid symportin 
accommodates the Rpl5 amino terminus, normally bound to 55 rRNA, in an extended groove. 
Symportin-mediated coimport of Rpl5-Rpl11 could ensure coordinated and stoichiometric 
incorporation of these proteins into pre-60S ribosomes. 


ibosomes perform their role in transla- 
Re in the cytoplasm, but ribosome assem- 
ly occurs predominantly in a specialized 

nuclear compartment, the nucleolus (/—-4). The 
construction of ribosomes follows an ordered 
assembly of ~80 ribosomal proteins (r-proteins) 
and four ribosomal RNAs (tRNAs) into a small 
(40S) and large (605) ribosomal subunit. This 
process is spatially and temporally coordinated, 
starting with cotranscriptional assembly of a first 
preribosomal particle (90S) in the nucleolus that 
is subsequently separated into pre-40S and pre- 
60S ribosomes, which follow independent pro- 
cessing and maturation steps before export into 
the cytoplasm (5—8). R-proteins are synthesized 
in the cytoplasm and are imported into the nu- 
cleus by nuclear import receptors of the importin- 
B/karyopherin family (9, /0). These transport 
receptors recognize different types of nuclear lo- 
calization sequences (NLSs), and hence a num- 
ber of import receptors have been implicated in 
decoding NLSs of r-proteins in a redundant way 
(9, 11). After nuclear import and before incor- 
poration into nascent ribosomes, r-proteins are 
released from the transport receptor by its in- 
teraction with RanGTP (/2). At present, it is 
thought that each r-protein is individually trans- 
ported into the nucleus by its import receptor. 
However, a number of r-proteins form functional 
clusters on the ribosomal surface or assemble 
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at distinct temporal or spatial entry points dur- 
ing ribosome formation (/3—/5), thus raising 
the possibility of coordinated nuclear import and 
assembly of r-proteins. 

One such pair of functionally related r-proteins 
is RplS and Rpl11, which are close to each other 
on the mature 60S subunit and bind to opposite 
sites on the 5S rRNA (Fig. 1A) (/3). 5S rRNA 
transport has been extensively studied in the 
Xenopus oocyte system. However, this is a spe- 
cial case because 5S rRNA is exported into the 
cytoplasm for storage, either with ribosomal pro- 
tein L5 [5S ribonucleoprotein (RNP)] or tran- 
scription factor IITA (7S RNP) (/6, 77). In contrast, 
5S rRNA export may not occur in somatic cells, 
and only a few studies have addressed 5.5 RNP 
biogenesis in this case. One of these investiga- 
tions reported that yeast RpI5 and Rpl11 form a 
ribonucleoprotein particle with the 5S rRNA 
that could be incorporated with the aid of two 
biogenesis factors, Rpf2 and Rrs1, into pre-60S 
ribosomes (/8). However, it is not known how 
Rpl5 and Rpl11 enter the nucleus and whether 
this is coordinated with their assembly onto the 
5S rRNA. We performed tandem affinity puri- 
fication (TAP) of TAP-tagged Saccharomyces 
cerevisiae Rp|5 and observed coenrichment of 
Rpll1 and the uncharacterized yeast protein 
Ydl063c (Fig. 1B, lane 1). Ydl063c, which we 
named Syol (for synchronized import or brief- 
ly symportin), is present in all eukaryotes, in- 
cluding the eukaryotic thermophile Chaetomium 
thermophilum and Homo sapiens. Reciprocal tag- 
ging of Syol with Flag—tobacco etch virus—protein 
A and subsequent affinity purification revealed 
copurification of RpIS and Rpl11, but not other 
r-proteins (Fig. 1B, lane 2). 

Yeast two-hybrid (Y2H) assays indicated that 
Syol binds both RpI5 and Rpl11 (Fig. 1C). To 
further dissect these interactions and gain high- 
resolution structural data, we performed in vitro 


reconstitution studies with Syol, Rpl5, and Rpl11 
from the thermophilic fungus C. thermophilum 
(ct) (19), owing to their improved biochemical 
properties compared to the orthologous S. cerevisiae 
proteins. These investigations demonstrated that 
ctSyol can bind to either cfRpI5 or cfRpl11 (Fig. 
1D). Moreover, it was possible to reconstitute the 
heterotrimeric ctSyol-cfRpl5-ctRpl11 complex, 
and size exclusion chromatography in line with 
static light scattering and refractive index mea- 
surements revealed a 1:1:1 stoichiometry of the 
three components (Fig. 1E and table $1). Like- 
wise, we assembled a stoichiometric complex be- 
tween yeast Syol and Rpl5 expressed in Escherichia 
coli (fig. S1B), but expression of yeast Rpl11 
yielded largely insoluble protein, which hindered 
binding studies with Syol. Taken together, in vivo 
and in vitro analyses demonstrated that Syol can 
simultaneously bind RpI5 and Rpl11 to form a 
heterotrimeric Syol-Rpl5-Rpl11 complex. 

To gain further insight into the in vivo role 
of Syol with respect to the RplS-Rpll1 inter- 
action, we returned to the yeast system. Dot spot 
growth analysis showed that cells with chromo- 
somally disrupted SYO/ (syo/A) were viable, but 
exhibited reduced cell growth, especially at lower 
temperatures (Fig. 1F). Analysis of ribosome and 
polysome profiles of syo/A cells showed a sig- 
nificant reduction of free 605 subunits relative to 
40S subunits, and consequently, the appearance 
of half-mer polysomes was observed (Fig. 1G). 
Subsequent genetic analyses revealed a functional 
link between Syol and Rpl5, as evidenced by (i) 
synthetic lethality between syo/A and rp/5 alleles, 
(ii) high-copy suppression of the cold-sensitive 
syolA phenotype by RPLS, and (iii) a complete 
rescue of the slow-growth or lethal phenotypes 
of distinct rp/5 mutant alleles (e.g., rp/5L104S) 
by Syol overexpression (Fig. 1H and fig. S2). 
Together, these data point to a role for Syol in 
ribosome synthesis, possibly by facilitating as- 
sembly of Rpl5-Rpl11 onto the pre-60S subunit. 

To obtain insight into the function of Syol at 
the atomic level, we determined the crystal struc- 
ture of cfSyol at 2.1 A resolution by single- 
anomalous dispersion (SAD) (table $2). Syol 
forms an all a-helical elongated superhelix or 
a-solenoid (Fig. 2A), which is typical for nuclear 
transport receptors (20, 2/). Whereas importin-a, 
the import adaptor for classical NLSs, exclusively 
contains ARM repeats, importin-B transport re- 
ceptors are exclusively composed of HEAT re- 
peats. Syol is an unusual chimera of four complete 
ARM repeats (residues 65 to 260) followed by 
six HEAT repeats (residues 274 to 675), whose 
inner surfaces form an extensive groove (Fig. 2, 
A and B). Karyopherins contain binding sites for 
NLSs and phenylalanine-glycine (FG) repeats of 
nucleoporins on their inner and outer a-solenoid 
surfaces, respectively (22). By analogy, Syol may 
act as a nuclear import receptor or adaptor by 
binding to a linear motif of RplS or Rpl11 and/or 
interacting with FG repeats. 

Rpl5 is composed of a globular domain flanked 
by N- and C-terminal extensions that clamp the 
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5S rRNA within the 60S subunit (/3) (see also 
Fig. 1A). Y2H analyses and in vitro binding assays 
revealed that the N-terminal 41 amino acids of 
Rpl5 (L5-N) are required and sufficient for a ro- 
bust interaction with Syol (fig. S1). To gain struc- 
tural insight into the Syol-Rpl5 interaction, we 
determined the crystal structure of ctSyol in com- 
plex with cfLS-N at 2.95 A resolution by molec- 
ular replacement using the c¢Syo! structure as the 
search model (Fig. 2, B and D, and table S2). The 
side chains and main-chain carbonyls were well 
defined in the electron density map, and residues 
2 to 20 of ctRpl5 could be unambiguously traced 
(Fig. 2, C and D). L5-N forms an elongated 
peptide chain with a short helical segment (Tyr? 


to Phe'®), which binds into the extended groove 
formed by cfSyol and primarily interacts with res- 
idues of HEAT repeats 1 to 4 of cfSyol (binding 
interface: 980 A?; for a more detailed description, 
see fig. $3). Therefore, Rpl5 binding to Syol re- 
sults in extensive shielding of an Rpl5 region 
involved in 5S rRNA binding. Moreover, L5-N 
binding induces a slight conformational rearrange- 
ment of the ARM and HEAT domains of Syol 
(fig. S4). LS-N binding to Syol seems to slightly 
“open” the a-solenoid structure of Syol, which 
could be of functional relevance but may also re- 
flect a crystal-packing artifact. Taken together, the 
mode of Rpl5 recognition by Syol is reminiscent 
of the interaction between linear motifs (e.g., from 
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Nup2) and the a-solenoid surface of importin-a 
(23, 24) (fig. S5). 

In the case of Rpll1, we could not restrict 
the primary sequence into a linear motif that ef- 
ficiently binds to Syol. This implies that the inter- 
action between Rplll and Syol could be more 
complex, possibly involving part of the Rpl11 fold 
(see Fig. 1A for Rpl11 structure). To determine 
the Rpl11 binding surface on Syol, we performed 
"HH exchange mass spectrometry (HX-MS) la- 
beling experiments. Specifically, free cfSyol and 
the cfSyol-cfRpl11 heterodimer were, after com- 
pletion of the HX labeling, digested with pepsin, 
and the resulting peptide fragments were analyzed 
by electrospray ionization—mass spectrometry. Only 
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Fig. 1. Syo1 forms a trimeric complex with Rpl5 and Rpl11. (A) Structure of 
the 55 RNP (5S rRNA-Rpl5-Rpl11) as observed in the S. cerevisiae 805 ribo- 
some (PDB 3U5D and 3U5E) (23). The 5S rRNA is shown in orange, Rpl5 in 
green (residues 2 to 297), and Rpl11 in blue (residues 6 to 174). N and C 
termini are labeled in the respective colors. (B) Identification of Syo1 as an 
Rpl5 binding protein. Tandem-affinity purification of TAP-tagged Rpl5 (lane 1) 
and FIpA-tagged Syo1 (lane 2) from yeast cell lysates. Final eluates were 
analyzed by SDS-PAGE (polyacrylamide gel electrophoresis) and Coomassie 
staining. The indicated proteins were identified by mass spectrometry. Asterisk 
indicates the common contaminant Tif4631. M, molecular weight standard. 
(C) Y2H interaction between Syo1 and Rpl5 or Rpl11. (D) In vitro binding assay 
between cfSyo1 and ctRpl5 or ctRpl11. Proteins were (co-)expressed in E. coli, 


www.sciencemag.org SCIENCE VOL 338 2 NOVEMBER 2012 


purified via Ni-affinity purification and revealed by SDS-PAGE and Coomassie 
staining. Lanes: 1, cSyo1-(His),; 2, cSyo1-(His)¢/ctRpl11; 3, ctSyo1/ctRpl5-(His),; M, 
molecular weight standard. (E) Size exclusion chromatography of reconstituted 
ctSyo1/ctRpl5-(His),/ctRpl11 heterotrimer (chromatogram A) and ctSyo1 (chro- 
matogram B). The peak fractions of chromatogram A were analyzed by SDS-PAGE 
and Coomassie staining. (F) The syo2A null mutant displays a slow-growth 
phenotype at low temperatures. Growth analysis of wild-type (SYO1) and isogenic 
syo1A (syo1A) deletion mutant. (G) Syo1 is required for efficient synthesis of 60S 
ribosomal subunits. Polysome profiles of wild-type (SYO1) and syo1A (syo1A) cells 
grown at 23°C. Free 40S and 605 subunits, 80S ribosomes, and polysomes are 
indicated; arrowheads indicate half-mer polysomes. (H) Overexpression of Syo1 
rescues the lethal phenotype of the rpl5L1045 allele. 
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the very C-terminal part of the ctSyo1 disordered 
loop (residues 395 to 408) showed a decrease 
in deuterium incorporation upon cfRpl11 bind- 
ing, indicating shielding of this ctSyol region 
(fig. S6A). Consistent with these data, deletion 
of residues 393 to 397 in the disordered loop 
abolished binding to cfRpl11 (fig. S6, B and C). 
Moreover, Y2H assays indicated that the ARM 
domain of Syol contributes to Rpl11 binding 
(fig. S7). From these results, we conclude that the 
disordered loop of Syol in conjunction with the 
ARM domain provides the interaction site for 
Rpl11 (for a model, see fig. S8). 

To act as import receptor, Syol must pass 
through the hydrophobic FG-meshwork of the 
nuclear pore complex (NPC) transport channel. 
Shuttling karyopherin transport receptors do so 
by binding with low (micromolar) affinity to FG 
repeats of nucleoporins (/2, 25). We found that 
Syol and cfSyol bind to FG-rich repeats of dis- 
tinct nucleoporins with a binding constant in the 
low micromolar range (Fig. 3, A and B, and fig. 
S9, A and B). Moreover, Syol can translocate 
into the nucleus on its own in the absence of 
cytosol, which provides karyopherin transport re- 
ceptors and RanGTP, when tested in an in vitro 
nuclear import assay with permeabilized HeLa 
cells (26, 27) (Fig. 3C and fig. S9, C and D). In 
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agreement with translocation across the NPC 
channel, Syol did not show nuclear accumula- 
tion when permeabilized HeLa cells were in- 
cubated with wheat germ agglutinin (WGA), a 
specific inhibitor of nucleocytoplasmic transport 
that sterically blocks the FG-repeat meshwork of 
the NPC transport channel (Fig. 3E and fig. S9, 
Cand D). Thus, Syol can directly pass through the 
NPC by low-affinity interaction with FG repeats 
of NPC-channel nucleoporins. 

However, and in contrast to cfSyol alone, the 
reconstituted ctSyol-cftRpll1, ctSyol-ctRpl5, and 
ctSyol-ctRpl5-ctRpl11 complexes were ineffi- 
ciently imported into the nucleus in the absence of 
cytosol and energy (Fig. 3C and fig. S10B). Con- 
sistent with this observation, the cfSyol-cfRpl11 
and ctSyol-cfRp15-ctRpl11 complexes, and to a 
lesser extent the cfSyol-cfRpl5 complex, exhib- 
ited reduced binding to FG repeats (Fig. 3B 
and fig. S10C), suggesting that recruitment of 
Rpl5/Rpl11 masks or alters the FG-binding site(s) 
on Syol. Notably, nuclear import of the cfSyol- 
ctRp15-cfRpl11 complex was markedly stimulated 
by addition of cytosol and energy (Fig. 3C), but 
did not occur at 4°C or in the presence of WGA or 
the guanosine triphosphatase (GTPase)deficient 
Ran(Q69L) mutant (28) (Fig. 3, D and E). Thus, 
we conclude that a RanGTP-dependent importin-8 


HEAT domain 


ss, 
\ 


. \, disordered 
\ (826-407) 


transport receptor mediates nuclear import of 
the Syol-Rpl5-Rpl11 complex. Moreover, Syol, 
released from Rpl5 and Rpll1 after nuclear im- 
port, could shuttle back to the cytoplasm on its 
own. In support of this possibility, Syol alone 
traverses the NPC in both directions in permea- 
bilized HeLa cells (Fig. 3 and fig. S9), and Syol- 
GFP (green fluorescent protein) is located both 
in the nucleus and cytoplasm in yeast cells (fig. 
S12, C and D). 

To identify the import receptor of the Syol- 
Rpl5-Rpl11 complex, we took advantage of the 
observation that low amounts of Kap104 were 
sometimes coenriched when Syol was affinity- 
purified from yeast (fig. S11A). Kap104 is a mem- 
ber of the conserved karyopherin-$2/transportin 
receptor subfamily (9), which recognizes a non- 
classical NLS of the hydrophobic or basic proline- 
tyrosine (PY)-NLS type with the C-terminal 
consensus signature R/K/H-X_5-P-Y/L (29, 30) 
(fig. S11B). Notably, Syol contains a conserved 
putative basic PY-NLS at its N terminus. In vitro 
binding assays revealed that this PY-NLS is nec- 
essary and sufficient for the interaction of Syol 
with Kap104 (fig. S11C and fig. S12A). More- 
over, the PY-NLS can target an attached GFP 
reporter into the nucleus in vivo and is required 
for the in vivo function of Syol and nuclear 


Fig. 2. Syo1 is structurally related to importins and binds the N-terminal 
residues of Rpl5 in an extended groove. (A) Crystal structure of ctSyo1 (resi- 
dues 25 to 675). Cartoon representation showing that ctSyo1 is an extended 
o-solenoid, which consists of four complete ARM repeats (residues 65 to 260) 
followed by six HEAT repeats (residues 274 to 675). The ARM and HEAT 
repeats are indicated and “rainbow” colored from the N to the C terminus. 
Dashed lines indicate disordered regions. (B) Surface representation of the 
ctSyoV/ctL5-N complex. Residues 2 to 20 of ctRpl5 (L5-N, red) are accommo- 


dated in an extensive groove of ctSyo1 (gray). (C) Multiple sequence align- 
ment of residues 2 to 20 of L5-N from S. cerevisiae (Sc), Schizosaccharomyces 
pombe (Sp), Homo sapiens (Hs), and C. thermophilum (Ct). Single-letter ab- 
breviations for the amino acid residues are as follows: A, Ala; D, Asp; F, Phe; 
G, Gly; H, His; |, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, 
Ser; T, Thr; V, Val; and Y, Tyr. (D) Enlargement of the ctL5-N/ctSyo1 inter- 
action. The 2F 4; — Fratc electron density of ctL5-N at 1.30 after final refine- 
ment is shown. 
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localization of Syol-GFP (fig. S11D and fig. 
S12, B and C). Consistent with the proposal that 
Kap104 is the predominant import receptor of 


Syol, we could not observe nuclear accumulation 
of Syol-GFP in temperature-sensitive kap104-16 
mutant cells (3/) (fig. S12D). 


REPORTS 


To test the model of Kap104 as the principal 
transport receptor for a trimeric import complex 
comprising Syol-Rpl5-Rpl11, we reconstituted the 
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Fig. 3. The Syo1-Rpl5-Rpl11 complex is actively imported into the nucleus. 
(A and B) ctSyo1 interacts with FG repeats of nucleoporins. (A) Binding of 
recombinant ctSyo1 to immobilized FG-repeat domains of nucleoporins (GST- 
Nup) in the presence of competitor F. coli lysate. Lane 1, purified ctSyo1 (p); lane 
2, ctSyo1 mixed with E. coli lysate (input, i); lane 3, molecular weight standard 
(M), same as in Fig. 1B; lanes 4 to 19, proteins bound to the indicated gluta- 
thione S-transferase (GST)—Nups or the GST control in the absence (-) or 
presence of increasing amounts of ctSyo1 (1x, 3x, 9x). Bound proteins were 
analyzed by SDS-PAGE and Coomassie staining (upper panel) or Western analysis 
(lower panel) with anti-penta-His antibody (ctSyo1). (B) BlAcore analysis of the 
interaction between the FG-repeat domain of Nup100 and ctSyo1 or the trimeric 
ctSyo1-ctRpl5-ctRpl11 complex. Protein input for BlAcore measurement (left 
panel); ctSyo1-Flag-(His), (lane 2) and ctSyo1-Flag/ctRpl5/ctRpl11-(His), 
(lane 1) were purified by nickel—ion affinity chromatography and analyzed by 
SDS-PAGE and Coomassie staining. Black, blue, and red arrowheads indicate 
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ctSyo1-Flag/ctSyo1-Flag-(His),, ctRpl5, and ctRpl11-(His),, respectively. M, 
molecular weight standard. GST-Nup100 was immobilized and different con- 
centrations (0.09 to 0.48 uM) of purified ctSyo1-Flag-(His), (upper right panel) 
or ctSyo1-Flag/ctRpl5/ctRpl11-(His), (lower right panel) were injected over 


the sensor chip, and sensor responses (arbitrary units) were recorded. (C to E) 


In vitro nuclear import assays. HeLa cells were permeabilized by digitonin and 
incubated with purified ctSyo1 or ctSyo1-ctRpl5-ctRpl11 complex in transport 
buffer [(C), upper panel], transport buffer containing either cytosol/energy 
(guanosine triphosphate/adenosine triphosphate) at 30°C [(C), lower panel] 
or 4°C [(D), lower panel], or cytosoVenergy/Ran(Q69L) [(D), upper panel]. 
Permeabilized HeLa cells were first treated with transport buffer containing 
cytosolV/energy in the absence or presence of WGA before performing the 
import reactions (E). Nuclear translocation of ctSyo1 or the trimeric complex 


was revealed by indirect immunofluorescence against Flag-tagged ctSyo1. 


Nuclei were revealed by staining DNA with Hoechst. 
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interaction of Kap104 with this complex using 
recombinant proteins derived from either C. 
thermophilum or yeast (Fig. 4A and fig. S12E). 
Size-exclusion chromatography revealed forma- 
tion of a stable cfKap104-ctSyol-cfRpl5-cfRpl 1 
import complex (Fig. 4A) with a 1:1:1:1  stoi- 
chiometry of the four components, as determined 
by static light scattering and refractive index mea- 
surements (table S1). Addition of RanGTP was 
sufficient to release the trimeric ctSyol-cfRpl5- 
ctRpll1 cargo complex from ctKap104 (Fig. 4B). 
These findings indicate that Syol can serve as 
the import adaptor for RpIS-Rpl11 with Kap104 
as the cognate import receptor for the hetero- 
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trimer. Given that Syol is not an essential pro- 
tein, it is apparent that alternative import routes 
for Rpl5 and Rpl11 must exist, which could in- 
volve other transport receptors or diffusion across 
the NPC. 

After nuclear transport and RanGTP-mediated 
release of Syol-Rpl5-Rpl11 from Kap104, the 
complex could be transferred onto the newly 
synthesized 5S rRNA in the nucleus. To test 
the possibility of a direct transfer in vitro, we 
produced C. thermophilum 5S rRNA by in vitro 
transcription and added it to the preformed 
ctSyol-ctRpl5-cfRpl11 complex (Fig. 4, C and D). 
This binding assay revealed that 5.5 rRNA was 


efficiently bound to ctSyol-ctRpl5-cfRpl11, as evi- 
denced by a strict coelution of heterotrimer and 
rRNA on the gel filtration column (Fig. 4D). In 
contrast, 5S rRNA alone eluted in later fractions 
from this column. Thus, 5S rRNA can directly 
bind to the Syol-Rpl5-Rpl11 complex. Removal 
of Syol from the 5S rRNP likely occurs at a sub- 
sequent maturation step, possibly during incorpo- 
ration of the 5S RNP into preribosomal particles, 
which may require also other factors, such as 
Rpf2 and Rrs1 (/8). 

Our study has uncovered a mechanism that al- 
lows simultaneous nuclear import of more than 
one cargo, coupling nucleocytoplasmic transport 


Syo1-Rpi5-Rpl11 
trimeric complex 
Kap104- 
Syo1-Rpi5-Rpl11 
import complex 


cytoplasm 


nucleus 


Kap104- 
RanGTP 


Assembly of 
Rpli5-Rpi11-5S 
into pre-60S 
ribosome 


5S rRNA 


Fig. 4. The Syo1-Rpl5-Rpl11 complex is imported into the nucleus via 
Kap104 and binds to the 55 rRNA. (A) Size exclusion chromatography of the 
reconstituted ctKap104-ctSyo1-ctRpl5-ctRpl11 heterotetrameric import com- 
plex. The peak fraction was analyzed by SDS-PAGE and Coomassie staining. (B) 
RanGMPPNP promotes release of the ctSyo1-ctRpl5-ctRpl11 complex from 
ctKap104. The trimeric ctSyo1-ctRpl5-ctRpl11 complex (lane 4) was bound to 
immobilized GST-ctKap104 (lane 1) and incubated in the absence (lane 2) or 
presence (lane 3) of RanGMPPNP (lane 5). Input and bound proteins were 
revealed by SDS-PAGE and Coomassie staining. M, molecular weight standard. 
(C) Coomassie-stained SDS-PAGE of an in vitro binding assay of ctSyo1- 
ctRpl5-ctRpl11 in the absence or presence of ct5S rRNA. The presence of 55 
rRNA did not lead to disassembly of the ctSyo1-ctRpl5-ctRpl11 complex. (D) 
The ct5S rRNA and ctSyo1-ctRpl5-ctRpl11 form a stable complex on size ex- 


clusion chromatography. Size exclusion chromatogram for free ct5S rRNA and 
the ct5S rRNA-ctSyo1-ctRpl5-ctRpl11 complex at two different wavelengths 
[i.e., 260 nm (red) and 280 nm (blue), upper panel]. SDS-PAGE of the peak 
fractions stained with Coomassie (middle panel) and ethidium bromide 
(lower panel) to detect the proteins and the 55 rRNA, respectively, present in 
the ct5S rRNA-ctSyo1-ctRpl5-ctRpl11 complex. (E) The transport adaptor 
Syo1 synchronizes nuclear import of RplS and Rpl11. Syo1 simultaneously 
interacts with Rpl5 and Rpl11 in the cytoplasm, thus enabling formation of a 
tetrameric Kap104-Syo1-Rpl5-Rpl11 import complex. RanGTP binding to 
Kap104 in the nucleus promotes release of the trimeric Syo1-Rpl5-Rpl11 
complex, which recruits the 55 rRNA. Rpl5, Rpl11, and the 55 rRNA are then 
incorporated with the aid of assembly factors (not shown) into pre-60S 
ribosomes. See text for details. 
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to stoichiometric assembly of proteins into macro- 
molecular machines. Key to this mechanism is a 
nuclear import adaptor, Syol, that specifically 
recruits the two functionally and topologically 
linked r-proteins Rp15 and Rpl11. It guarantees 
that this cargo pair remains bound together from 
the time of synthesis in the cytoplasm until de- 
livery to the nascent 5S rRNA in the nucleus (see 
Fig. 4E). In the broader sense, synchronous nu- 
clear transport of topologically linked and/or func- 
tionally related cargo may represent a general 
strategy to streamline downstream nuclear pro- 
cesses that depend on temporally or spatially con- 
trolled assembly steps. 
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Gene Loops Enhance 
Transcriptional Directionality 


Sue Mei Tan-Wong,’* Judith B. Zaugg,* Jurgi Camblong,?* Zhenyu Xu,? 
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Eukaryotic genomes are extensively transcribed, forming both messenger RNAs (mRNAs) 
and noncoding RNAs (ncRNAs). ncRNAs made by RNA polymerase II often initiate from 
bidirectional promoters (nucleosome-depleted chromatin) that synthesize mRNA and ncRNA 
in opposite directions. We demonstrate that, by adopting a gene-loop conformation, actively 
transcribed mRNA encoding genes restrict divergent transcription of ncRNAs. Because 
gene-loop formation depends on a protein factor (Ssu72) that coassociates with both the 
promoter and the terminator, the inactivation of Ssu72 leads to increased synthesis of 
promoter-associated divergent ncRNAs, referred to as Ssu72-restricted transcripts (SRTs). 
Similarly, inactivation of individual gene loops by gene mutation enhances SRT synthesis. 
We demonstrate that gene-loop conformation enforces transcriptional directionality on 


otherwise bidirectional promoters. 


ukaryotic genomes are ubiquitously tran- 
scribed, generating an extensive network 
of noncoding RNAs (ncRNAs) (/, 2). Most 
ncRNAs are made by RNA polymerase II (Pol ID), 
which can initiate transcription nonspecifically 
and bidirectionally on nucleosome-depleted chro- 
matin (3—5). Although this promiscuous tran- 
scription is partly restricted by rapid transcript 


degradation (6, 7), we demonstrate that actively 
transcribed genes adopt a gene-loop conforma- 
tion that reduces aberrant transcription by fo- 
cusing Pol II into productive mRNA synthesis 
(see the supplementary materials and methods). 
Gene-loop formation depends on both promoter- 
associated transcription factors and polyade- 
nylation complex (pAC) factors (S—//) such as 


Ssu72, localized at the 5’ and 3’ ends of genes 
(72, 13). On the basis of quantitative 3C analysis, 
we initially confirmed that mutation of Ssu72 
(ssu72-2) prevents gene-loop formation across 
FMP27 (Fig. 1A). We also detected an increase 
in promoter-associated antisense ncRNA and in- 
creased Pol II density over the FMP27 promoter 
region in ssu72-2 (Fig. 1, B and C). Furthermore, 
we observed unanticipated genetic interactions 
between either Ssu72- or pAC-associated Ptal 
and the nuclear exosome component Rrp6, which 
is responsible for the degradation of many ncRNAs, 
especially cryptic unstable transcripts (CUTs) 
(fig. S1) (6, 7). Taken together, our initial results 
indicate that the loss of gene-loop formation by 
inactivation of Ssu72 results in the production of 
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aberrant ncRNAs that are stabilized in Arrp6 
mutant cells. 

We next compared the effect of mutating 
RRP6 and SSU72 alone or together on the ge- 
nomic profile of coding and ncRNAs. Total 
RNA from wild-type (WT), ssw72-2, Arrp6, and 
double ssu72-2Arrp6 strains grown at 32°C 
(semipermissive conditions) was hybridized to 
strand-specific Saccharomyces cerevisiae tiling 
arrays. The profiles obtained confirmed that loss 
of Rrp6 causes accumulation of CUTs, espe- 
cially from bidirectional promoters (7). How- 
ever, ssu72-2 mutation alone or in combination 
with Arrp6 gave rise to many additional ncRNAs 
(Fig. 2A). 

Ssu72 is involved in the transcription termi- 
nation of small nucleolar RNAs, as is clearly 
revealed by the widespread appearances of ex- 
tended transcripts for these genes in ssw72-2 (fig. 
S2A, I) (/4). The profiles also unveil a role of 
Ssu72 in transcriptional termination of CUTs, as 
many show 3’ extensions in the ssuw72-2Arrp6 
double mutant compared with Arrpé (fig. S2A, 
I). Ssu72 inactivation also leads to increased 
initiation of new cryptic transcripts. Like CUTs, 
Ssu72-restricted transcripts (SRTs) often run in a 
divergent orientation from bidirectional promot- 
ers. We detected some SRTs in the single ssu72-2 
mutant strain and others only in combination with 
RRP6 deletion (Fig. 2A). The array data demon- 
strated the presence of 605 SRTs in addition to 
the expected 1982 CUTs (Fig. 2B), as validated 
in specific cases (fig. S2B). 

CUT and SRT initiation is associated with 
mRNA transcription start sites (TSSs) (Fig. 2B) 
(6, 7). To focus on promoter-associated ncRNAs 
(pncRNAs), we selected CUTs and SRTs that are 
positioned between tandem open reading frames 
(ORFs) (hereafter referred to as pCUTs and pSRTs). 
678 pCUTs and 135 pSRTs initiate antisense 
transcription between tandem ORFs. Promoters 
that generate a divergent pncRNA tend to express 
more mRNA (down ORF) (Fig. 2C). In contrast, 
we found no correlation in mRNA expression level 
(up ORF) with downstream-positioned ncRNAs. 
We further showed that SRT expression is not due 


Fig. 1. Ssu72 inactivation abro- 
gates FMP27 gene loop and en- 
hances antisense transcription. 
(A) Graphical representation of 
3C interaction levels in ssu72- 
2 versus the wild type across 
FMP27. Red stars show signifi- 
cant 3C interaction. The positions 
of 3C primers are indicated, as 
are reverse transcription quanti- 
tative polymerase chain reaction 0 


> 


25 


Fold increase over primer 2 


(RT-qPCR) amplicons. For 3C 2 2 


analysis, primer 1 (anchor) was 
combined sequentially with down- 
stream primers 2 to 7. Error bars 
represent SEM. (B) RT-qPCR anal- 
ysis of FMP27 mRNA and ncRNA 


to loss of nuclear pre-mRNA down-regulation— 
dependent CUT termination or differential RNA 
stability effects (fig. S3, A and B). Finally, a genome- 
wide Pol II occupancy profile of the ssw72-2 mu- 
tant (/2) revealed a distinct peak upstream of the 
TSS, which is absent in the wild type (Fig. 2D), 
as well as a higher Pol II occupancy over SRT 
transcript regions in the mutant compared with 
the wild type (fig. S3C). Overall these results es- 
tablished that the loss of Ssu72 promotes de novo 
initiation of pSRTs. 

Publicly available genome-wide data revealed 
that pSRT-associated promoters are especially 
depleted of histone H4 acetylation (/5), implying 
a more repressed transcriptional state also shown 
in four selected pSRT-producing promoters 
(Fig. 3A). Loss of Ssu72 seems to relax this 
repressed chromatin structure by promoting his- 
tone acetylation and consequent pSRT expression. 
A genome-wide analysis of S. cerevisiae nascent 
transcripts reported a potentially similar connec- 
tion between ncRNA levels and histone deacetyl- 
ation (/6). Loss of histone deacetylase Rcol (in 
Rpd3S complex) known to contribute to H4 de- 
acetylation in gene 3’ regions also increased anti- 
sense transcription, suggesting its potential role 
in promoter directionality. However, antisense 
transcripts may derive from antisense initiation at 
gene 3’ ends (/7). We compared pSRTs to anti- 
sense ncRNA induced in Arco/ [Rco1-restricted 
transcripts (RRTs)] by generating transcriptome 
profiles for Arcol and Arco1Arrp6 matching our 
ssu72-2 profiles. To distinguish between transcripts 
arising from gene 5’ or 3’ ends, we selected tandem 
genes separated by either more or less than 400 
base pairs (bp) (fig. S4A). We showed that RRT 
expression (in regions where pSRTs are also de- 
tected) in Arco] Arrp6 versus Arrp6 is clearly greater 
in close tandem gene configurations than in dis- 
tant ones, which indicates that RRTs are produced 
from gene terminator regions. We therefore per- 
formed a metagene analysis on tandem gene pairs 
more than 400 bp apart that have a pncRNA 
arising between them. SRTs peak near the TSS, 
whereas RRTs align with the transcription ter- 
mination site (TTS) (Fig. 3B) also validated for 
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specific tandem and divergent gene pairs (fig. 
S4B). The terminator association of RRTs fits 
with the known gene 3’ end association of Rpd3S 
(18, 19). Collectively we show that, contrary to 
previous interpretation (/6), antisense RRTs are 
terminator-derived, whereas SRTs are promoter- 
derived. Ssu72 thus enforces promoter direction- 
ality. We also detected a small but significant 
trend of decreased expression in ssu72-2 for tan- 
dem genes that generate pSRTs (fig. S5), which 
suggests that the loss of promoter directionality 
results in decreased genic transcription. Because 
Ssu72 is required for gene-loop formation, we 
tested whether other gene-loop—associated fac- 
tors similarly act to restrict ppcRNA synthesis. 
Inactivation of TFIIB (Sua7) or other pAC compo- 
nents (Ptal, Rnal4, and Rnal5) has been shown 
to restrict gene-loop formation (/0, //). Simi- 
larly we show that their inactivation caused an 
increase in pncRNA in a range of S. cerevisiae 
genes (fig. S6). 

Because gene loops require both an active 
promoter and functional polyA signals (PASs) 
(20), we tested the effect of terminating transcrip- 
tion on pSRT formation by directly replacing the 
PAS with an Rntl cleavage signal (RCS) that 
promotes efficient termination but not mRNA 
polyadenylation (2/). Plasmid constructs contain- 
ing CYC] with transcription initiated on a GAL/ 
promoter and terminated by either a PAS or a 
RCS were transformed into Arrpé strain. After 
galactose induction, chromatin was subjected to 
3C analysis (Fig. 4A, I. A clear peak of inter- 
action between the promoter and a PAS (but not a 
RCS) was evident, confirming that RCS-mediated 
Pol II termination prevents gene looping. Next, 
we measured transcript levels of CYC] mRNA 
and pncRNA in transformed Arrpé strains (Fig. 
4A, II and II). The GAL/ promoter—associated 
pncRNA was enhanced in level when the CYC/ 
PAS was converted into a RCS due to loss of the 
PAS-dependent gene loop. In a genomic context, 
conversion of the MSN5 (which generates a 
pSRT) (Fig. 2A and fig. S2B) PAS into a RCS 
showed loss of gene looping and a threefold in- 
crease in pSRT production, mimicking the effect 
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in ssu72-2 versus the wild type. Error bar represent SEM. (C) Pol II profile (ChIP-seq) across the FMP27 promoter region (12) in ssu72-2 versus the wild type. 
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of Ssu72 inactivation (Fig. 4B). Finally, an in- 
tegrated B-globin gene construct with a SV40 
late PAS or mutated version (22) in human embry- 


Fig. 3. pSRTs initiate from bidirectional promoters. (A) I: Histone 
H4 acetylation (as a ratio with H3) compared over the intergenic 
region between ORF TSSs and divergent pSRT (blue) or pCUT (red) 
TSSs in WT strains. Intergenic regions of pCUTs show higher H4 
acetylation levels than those of pSRTs. Il: Chromatin immuno- 
precipitation analysis across the promoter regions of the indicated 
loci with WT- and ssu72-2-derived chromatin using anti-H4ac. 
Ssu72 inactivation caused H4 acetylation increase at all four loci. 
Telomeric region (7ELV/) was used as a negative control. Error bars 
represent SEM. (B) Metagene analysis of Arco1Arrp6 versus Arrp6 
(green) and ssu72-2Arrp6 versus Arrp6 (blue) differential expres- 
sion levels for all antisense ncRNAs that initiate between tandem 
genes in relative position to the upstream gene TTSs and down- 
stream gene TSSs. 
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Our results indicate that gene loops act to 
maintain the directionality of transcription. The 
loss of a mammalian gene’s PAS can directly 
influence the recruitment of transcription fac- 
tors, with a consequent reduction in gene expres- 
sion (22). PAS mutation has also been shown to 
increase levels of divergent transcripts (23). On 
the basis of our results, such effects are directly 
explicable by the loss of gene-loop formation and 
the potential to recycle factors from the termi- 
nator back to the promoter (see model, Fig. 4D). 
The role of Rpd3S in restricting antisense ter- 
minator transcripts (Fig. 3) clearly illustrates the 
importance of histone deacetylation in preventing 
inappropriate ncRNA synthesis. We predict that 
gene loops may similarly act to influence the re- 
cruitment of 5’ localized histone deacetylases 
such as Set3 (24). This would maintain promot- 
ers in a deacetylated, inactive state until gene ac- 
tivation selectively promotes transcription of genes 
rather than divergent pSRTs. We postulate that 
gene looping contributes to determining which 
transcription units are fully productive. 
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Trade-Offs of Chemotactic Foraging in 


Turbulent Water 


John R. Taylor? and Roman Stocker?* 


Bacteria play an indispensable role in marine biogeochemistry by recycling dissolved organic 
matter. Motile species can exploit small, ephemeral solute patches through chemotaxis and thereby 
gain a fitness advantage over nonmotile competitors. This competition occurs in a turbulent 
environment, yet turbulence is generally considered inconsequential for bacterial uptake. In 
contrast, we show that turbulence affects uptake by stirring nutrient patches into networks of 
thin filaments that motile bacteria can readily exploit. We find that chemotactic motility is subject 
to a trade-off between the uptake benefit due to chemotaxis and the cost of locomotion, resulting 
in an optimal swimming speed. A second trade-off results from the competing effects of stirring 
and mixing and leads to the prediction that chemotaxis is optimally favored at intermediate 


turbulence intensities. 


he average milliliter of seawater contains a 

million heterotrophic bacteria that play an 

essential role in remineralizing dissolved 
organic matter (DOM) by decomposing 35 to 
80% of net primary production (/) and converting 
it into particulate form, available for consumption 
by larger organisms. Most marine environments 
are turbulent, ranging from the energetic mixed- 
layer and surf zone to calmer thermoclines, yet 
the effect of turbulence on bacterial uptake of 
DOM has remained elusive. This is due in part 
to the difficulty of quantifying the microscale 
biogeochemical variability generated by turbu- 
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lence. At the same time, the physics of transport 
at micrometer scales dictates that DOM uptake 
occurs primarily by diffusion of nutrient mole- 
cules to cells (2). In a homogeneous nutrient 
environment, marine turbulence is insufficient to 
increase bacterial uptake (2, 3), at least for low— 
molecular weight substrates. For example, rela- 
tively strong turbulence (e = 10 © W kg ', where 
e is the turbulent dissipation rate) increases the 
uptake of amino acids by <1%, and as a result 
turbulence has been considered inconsequential 
for bacterial uptake (2). 

Many DOM sources occur as small, discrete 
patches, including cell lysis, phytoplankton exu- 
dation, marine snow particles, oil droplets, and 
excretions by larger organisms (4, 5). Numerous 
bacterial taxa have evolved the ability to sense 
chemical gradients associated with patches and 
swim toward more favorable conditions (5—8), a 
process called chemotaxis. Chemotaxis can affect 


marine biogeochemical cycles by increasing re- 
mineralization rates (5, 9), and community com- 
position by affording motile bacteria a benefit 
over nonmotile competitors (7). Yet, most knowl- 
edge of chemotactic foraging is based on studies 
in still fluid, simple flows, or synthetic advection 
(7, 10, 11). 

Here, we show that turbulence can affect the 
relative uptake of DOM by motile and nonmotile 
bacteria by reshaping the nutrient landscape to 
which chemotactic bacteria respond. To study the 
trade-offs of chemotaxis in the turbulent ocean, 
we used direct numerical simulations (DNS) (/2). 
This method has been applied extensively to mod- 
el passive scalars in turbulence (/3). We use it to 
resolve the smallest turbulent scales and quantify 
their impact on the nutrient competition between 
motile and nonmotile bacteria. 

A range of spatial scales affect bacterial for- 
aging in the ocean (Fig. 1). Bacteria experience 
turbulence as smooth, slowly varying velocity gra- 
dients, because their size (~1 tum) is considerably 
smaller than the Kolmogorov scale, /x (*1 to 
10 mm in the ocean) (3), the smallest scale at 
which turbulent velocity fluctuations occur. Gra- 
dients in nutrient concentration persist down to a 
smaller scale, the Batchelor scale /, (~10 to 300 um 
in the ocean) (4). Motile bacteria can exploit 
nutrient gradients if their “motility range”—the 
distance they can cover over the lifetime of the 
patch—is larger than the Batchelor scale (Fig. 1). 
This is generally the case, because bacteria swim 
up gradients at 5 to 40 um s | (8, 15) and can thus 
travel a distance of / in a few seconds. 

To determine the impact of turbulence on 
chemotactic foraging, we used DNS to simulate 
the competition between motile and nonmotile 
bacteria for a DOM patch occurring in a turbu- 
lent flow (/6). The two bacterial species were 
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initially distributed uniformly, each with concen- 
tration By = 2.5 x 10!! cells m°. Bacteria con- 
sume nutrients at a rate 1/ty, where tT ~ 200 s is 
a typical uptake time scale (16). Nonmotile bacte- 
ria remain uniformly distributed and rely on dif- 
fusion to obtain nutrients. Motile bacteria swim 
up nutrient gradients with a chemotactic velocity 
that increases with the gradient’s magnitude, up 
to a maximum velocity Vc (/6). Using dissolved 
organic carbon as a representative nutrient, we 
assumed an initial peak concentration of Co = 
10 uMc to reflect the approximately three orders 
of magnitude concentration enhancement within 
patches compared to background levels (typical- 


Fig. 1. Physical and bi- 
ological length scales in 
the ocean. Turbulent stir- 
ring generates variance 
in the distribution of dis- 
solved nutrients on scales 
as small as the Batchelor 


Biological Scales 
(typical cell sizes) 


ly, 0.1 to 50 nM) (/7). In this large difference 
lies the potential benefit of chemotaxis. 
Turbulence affects uptake by reshaping the 
patch into a complex nutrient landscape (movie 
S1), dramatically changing the gradients expe- 
rienced by chemotactic bacteria. Consider mo- 
tile bacteria (Vc = 20 ums‘) in relatively strong 
turbulence (ec = 10 © Wkg ') (Fig. 2 and movie 
S1). Within seconds, turbulence stirs the patch 
into filaments and sheets as thin as /p (Fig. 2, top 
row), which the chemotactic bacteria quickly 
locate (Fig. 2, bottom row). Fifteen seconds after 
release of the patch, nutrient filaments are per- 
vasive and harbor concentrations of motile bacte- 


ria 50% above background. At 30 s, the patch 
has morphed into a web of tangled filaments, 
whose topology is mirrored in the distribution 
of motile bacteria. After 60 s, the remaining nu- 
trients are well-mixed (the standard deviation 
of the nutrient concentration is 3.5% of its ini- 
tial value) and the clustering of motile bacteria 
begins to fade. 

Accumulation of motile bacteria within nutrient- 
rich filaments increases their uptake rate compared 
with nonmotile bacteria (Fig. 3A). The difference 
in the population-averaged, per-cell uptake rate 
between motile and nonmotile bacteria (/6) is a 
measure of the motility benefit. After rescaling 


| Zooplankton 


Phytoplankton 


Motility range 


Viruses 


scale, [p, but does not di- 
rectly affect the diffusive 
flux of nutrients on the 
scales of bacterial cells. 
However, motile bacteria 
sample spatial scales con- 
siderably larger than their 
size: Their “motility range” 
is the distance that they 
can travel during the life- 
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Physical Scales 


time of a typical nutrient patch, while moving up nutrient gradients at the chemotactic 


(typical ocean parameters) 
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Scale (meters) 
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10° 10! 10° 10' 


are Stirred nutrient filaments 


lp = (Grape 


velocity V;. Here, € is the turbulent dissipation rate, v is the kinematic viscosity of 


seawater, and «c is the nutrient diffusivity. 


Fig. 2. Stirring of a nutrient patch and response of chemotactic bacteria. As a 
nutrient patch is stirred by a turbulent flow (top row, showing nutrient con- 
centration C), chemotactic bacteria respond by accumulating within nutrient 
filaments (bottom row, showing concentration of motile bacteria By), thereby 
enhancing their uptake. For this simulation, the chemotactic velocity was Vc = 


eeeeey Turbulent eddies 


le = (v3 /e) 1/4 


20 um s+, the turbulent dissipation rate « = 10~° W kg 7, and the domain size 
L = 5.65 cm. Values of C and By are normalized by the initial maximum nutrient 
concentration, Co, and the concentration of nonmotile bacteria, Byy, respectively. 
The lowest value on each color scale is made transparent, and opacity increases 
linearly with concentration. Images generated using Vapor (www.vapor.ucar.edu). 
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by the number of patches occurring in the com- 
putational volume in a day, based on a carbon 
injection rate of Cin, = 0.12 go m? day | (16), 
and by the carbon content in one cell (/6), the 
motility benefit can be expressed in units of new 
cell equivalents produced by each bacterium per 
day. For the scenario shown in Fig. 2, the motility 
benefit peaks 13.2 s after injection of the patch. 
At this time, motile cells consume 23% more 
than nonmotile cells, an equivalent benefit of 
more than one new cell per day (per individual) if 
the uptake difference was sustained at this level 
(relative to 4.5 new cells per day produced by 
each cell of either species in the absence of 
chemotaxis). Instead, the motility benefit nearly 
vanishes after 50 s, even though 59% of the nu- 
trient is still available, because what remains has 
been mixed, erasing any advantage of motility. 


A 


The instantaneous motility benefit, like the nu- 
trient filaments, is therefore highly transient. 

To determine the chemotactic velocity that 
optimizes foraging, we performed competition sim- 
ulations where we varied the maximum chemo- 
tactic velocity, Vc, while keeping the turbulence 
intensity constant at an intermediate level (€ = 
1.2x 10 ®Wkg '). The advantage afforded by 
chemotaxis depends strongly on Vc (Fig. 3, A 
and B). The motility benefit is weak throughout 
the patch lifetime for slow chemotaxers. For ex- 
ample, motility enhances the instantaneous up- 
take by at most 15%, affording a time-averaged 
benefit of 0.3 new cells per day, for Vo=5 ums |. 
A chemotactic velocity of this order is typical of 
the enteric bactertum Escherichia coli (Vc = 0.6 
to 13.8 um s‘) (/5), the traditional model or- 
ganism for the study of chemotaxis. In contrast, 
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marine bacteria are capable of much higher swim- 
ming speeds (up to a few hundred um s') and 
high-performance chemotaxis (6, 7, 18). For 
chemotactic velocities of Vc = 20 to 60 um s |, 
associated with swimming speeds of Vs; = 60 to 
170 ums | (16), the motility benefit can be much 
larger, with motile cells instantaneously consuming 
up to 58 to 133% more than nonmotile cells and 
experiencing a time-averaged benefit of 1.1 to 2.3 
additional new cells per day (Fig. 3, A and B). 

Motility can be costly for marine bacteria. 
The motility benefit grows approximately linear- 
ly with chemotactic velocity (Fig. 3B), whereas 
propulsive power increases quadratically with the 
swimming speed (/6). This suggests a trade-off 
between enhanced uptake and swimming cost, 
and the existence of an optimal chemotactic ve- 
locity. To test this prediction, we computed the 
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Fig. 3. Trade-offs of chemotactic foraging. (A) The instantaneous motility 
benefit as a function of time since release of the nutrient patch, for different 
turbulence intensities « and chemotactic velocities Vc. (B) The motility benefit, 
shown for three carbon injection rates Cin; (solid lines), increases with the 
chemotactic velocity V;, but the cost of swimming (dashed red line) increases 
more rapidly (quadratically) with Vc. The trade-off between motility benefit 
and swimming cost results in an optimal chemotactic velocity (dotted lines) of 
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Vc = 15 to 25 um s+. (C) The trade-off between stirring and mixing results in 
an optimal value of turbulence (dotted lines) that depends on the initial patch 
size, o. For large patches, the motility benefit is optimal in moderate tur- 
bulence (orange line), whereas smaller patches lead to an optimum in weak 
turbulence (blue line). Values of the motility benefit in the absence of flow 
(c = 0) are connected with dashed lines (values of e < 7.7 x 10°*° Wkg* were 
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net motility benefit as the difference between the 
motility benefit and the power required for swim- 
ming (/6). In intermediate turbulence (€ = 1.2 x 
10 *Wkg '), the net motility benefit is maximal 
for Vo= 15 to 25 ums | (Fig. 3B), corresponding 
to swimming speeds Vs of 45 to 70 um s | (16). 
These values are in good agreement with speeds 
recorded for several species of marine bacteria 
(6-8, 18, 19), suggesting that motility in marine 
bacteria might be under selection for chemotactic 
fitness. 

The effectiveness of chemotaxis as a foraging 
strategy further depends on the intensity of tur- 
bulence through the stirring and mixing of nutri- 
ent patches. We quantified this dependence by 
varying the turbulence intensity, while keeping 
the chemotactic velocity constant (Vo =20 ym s‘). 
For an initial patch size of 6 = 2.5 mm, chemotaxis 
is optimally favored at weak turbulence inten- 
sities (c = 10° W kg '), characteristic of the 
ocean thermocline (20), where the motility ben- 
efit is slightly larger than in the absence of turbu- 
lence (Fig. 3C). In contrast, the motility benefit is 
fivefold smaller at € = 10 ° W kg | (Fig. 3C), 
indicating that chemotaxis is less effective in 
highly turbulent regions, such as the upper ocean. 
For larger patches the optimum turbulence in- 
tensity shifts to intermediate values (€ ~ 10 * to 
107 W kg! for o = 7.5 mm; Fig. 3C), char- 
acteristic of the upper thermocline (20). Although 
observations of motility in the ocean are insuffi- 
cient to test these predictions, it will be interesting 
to determine whether changes in the prevalence 
of motility and chemotaxis with depth revealed 
by metagenomic studies (2/) are in part deter- 
mined by turbulence levels. 

The existence of an optimal turbulence in- 
tensity points to a second, more subtle trade-off: 
that between stirring and mixing. Stirring in- 
creases the surface area between the nutrient 
patch and the surrounding water (Fig. 2). Mixing 
refers to homogenization of the nutrients, which 
is aided by stirring but ultimately occurs by mo- 
lecular diffusion. Stronger turbulence produces 
thinner filaments and steeper nutrient gradients 
that elicit faster chemotaxis, but also accelerates 
mixing, which erases the motility benefit. This 
trade-off results in an optimal turbulence intensi- 
ty, whereby the maximum motility benefit de- 
pends jointly on the size and lifetime of DOM 
filaments. 

Constraints on chemotaxis can be understood 
in terms of three fundamental time scales (/6). 
The chemotaxis time scale, tc = /p/Vc, is the time 
it takes a bacterium to swim to the core of a nu- 
trient filament, whose characteristic width is the 
Batchelor scale, /g. Stronger turbulence creates 
finer filaments (smaller /3 and tc), but also de- 
creases the filaments’ lifetime, which is charac- 
terized by the mixing time scale, ty = /p7/Kc, 
where Kc is the nutrient diffusivity. One thus ex- 
pects that the motility benefit depends on the 
relative magnitude of tc and ty. A further con- 
dition for motility to be beneficial is that the con- 
sumption of the patch through uptake is slower 


than chemotactic migration, i.e, tT < ty. We 
quantify the relative magnitude of the three time 
scales by means of two Frost numbers, Fry = t/t 
and Fry = t/ty (16, 22). When Fry >> 1 or Fry >> 
1, chemotaxis is too slow relative to mixing (the 
“mixing-limited regime”) or consumption (the 
“uptake-limited regime’), respectively, for motile 
bacteria to gain appreciable benefit. This argu- 
ment is verified by a formal scaling analysis (/6), 
whose prediction (Eq. S40) is in good agreement 
with the DNS results. 

In addition to swimming speed and turbulence 
intensity, the net benefit of chemotaxis depends 
on multiple features of the nutrient landscape, as 
additional simulations reveal (16). The total nu- 
trient injection rate must be sufficient to justify 
the investment in motility. We used a baseline 
value of 0.12 g- m°* day |, representative of 
relatively nutrient-rich conditions (/, 16). Fast 
chemotaxis is optimal at higher injection rates 
(Fig. 3B), whereas lower input rates shift the 
competition in favor of nonmotile bacteria, in line 
with evidence that abundant species in the oligo- 
trophic open ocean are nonmotile (23). The ben- 
efit of chemotaxis further depends on patch size. 
In the absence of flow, the motility benefit is 
optimal for a patch size of o ~ 650 um; larger 
patches are too vast for bacteria to reach their 
nutrient-rich core, whereas smaller patches quick- 
ly diffuse away. The motility benefit is less depen- 
dent on the initial patch size in a turbulent flow, 
because the patch is stirred into Batchelor-scale 
filaments. Therefore, turbulence can significantly 
favor the utilization of larger patches by motile 
bacteria (Fig. 3C). Finally, an important role is 
played by the nutrient diffusivity, because higher— 
molecular weight solutes, abundant in the ocean, 
diffuse more slowly, prolonging the filaments’ 
lifetime and favoring chemotaxis (/6). Taken to- 
gether, these findings indicate that, although our 
fundamental conclusions apply to a broad range 
of nutrient conditions, the net motility benefit is 
environment-dependent: It will be lower than pre- 
dicted here, or vanish entirely, for oligotrophic 
conditions or very small patches, and it might be 
higher for intermediate patch sizes or high— 
molecular weight solutes. 

Our results indicate that, in contrast to E. coli 
(24), motile marine bacteria spend a sizable frac- 
tion of their metabolic budget on locomotion. 
Whereas many coastal ocean bacteria are motile 
(9, 25), dominant clades in the open ocean, like 
SAR1I1 (23), are nonmotile, providing evidence 
that motility is not without cost. We propose that 
a fundamental determinant of the prevalence of 
motility in a given environment is the trade-off 
between motility benefit and swimming cost. 
Chemotaxis in the heterogeneous, time-varying 
nutrient landscape prevalent in the ocean should 
be seen as an optimal foraging problem, where 
the most successful strategy depends on the nu- 
trient distribution and turbulence intensity. In ad- 
dition to the trade-offs presented here, other factors 
can affect the optimal foraging behavior. Addi- 
tional costs, associated with biosynthesis of flagel- 


la, operation of chemotaxis pathways, increased 
encounter rates with predators, and less effective 
uptake kinetics, might reduce the optimal chemo- 
tactic velocity and the net motility benefit. In 
contrast, the benefits of motility could be aug- 
mented by the ability of fast cells to escape cap- 
ture (26) or to modulate swimming so as to 
combine intermediate exploration speeds with 
fast exploitation speeds (27). Indeed, most bacte- 
ria remain outside of nutrient filaments (e.g., 
less than 1.7% of the cells experience C > 0.01Co 
at any given time) and can be considered in 
“exploration mode,” using undirected motility to 
search for a chemical signal that they can exploit 
through chemotaxis. 

DNS provides a quantitative framework to 
investigate this optimal foraging problem, and 
we have applied it to show that turbulence can 
affect the competition between motile and non- 
motile bacteria. The outcome of this competition 
will be an important determinant of species suc- 
cession when environmental conditions change— 
for example, during algal blooms or oil spills, 
when the abundance of DOM sources varies 
greatly. More broadly, DNS promises to be a 
valuable tool to address the elusive effects of 
turbulence on microscale biophysical processes, 
such as gamete encounter rates (28), phytoplank- 
ton patchiness (29), microbial productivity in 
bioreactors (30), and the fate of microbial nu- 
trient sources, including particle plumes and oil 
droplets. 

The results presented here upend the prevail- 
ing view on the effect of turbulence on aquatic 
microorganisms. Contrary to current understand- 
ing, based on homogeneous nutrient environments 
where turbulence is inconsequential for bacterial 
uptake (2), motile bacteria are directly affected by 
fluid motion in a heterogeneous environment, 
where they can exploit thin nutrient filaments 
generated by turbulence. This process generalizes 
to a broad spectrum of nutrient sources, because 
turbulence will stir even large DOM patches into 
a tangled web of filaments. Accordingly, the nu- 
trient landscape experienced by aquatic micro- 
organisms might be even more heterogeneous 
and intermittent than previously thought (4), re- 
newing the challenge of capturing the effect of 
this variability on microbial adaptations and ma- 
rine biochemistry. 
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Asymmetric Division of Drosophila 
Male Germline Stem Cell Shows 
Asymmetric Histone Distribution 


Vuong Tran,* Cindy Lim,* Jing Xie, Xin Chent 


Stem cells can self-renew and generate differentiating daughter cells. It is not known whether 
these cells maintain their epigenetic information during asymmetric division. Using a dual-color 
method to differentially label “old” versus “new” histones in Drosophila male germline stem 
cells (GSCs), we show that preexisting canonical H3, but not variant H3.3, histones are selectively 
segregated to the GSC, whereas newly synthesized histones incorporated during DNA replication 
are enriched in the differentiating daughter cell. The asymmetric histone distribution occurs 

in GSCs but not in symmetrically dividing progenitor cells. Furthermore, if GSCs are genetically 
manipulated to divide symmetrically, this asymmetric mode is lost. This work suggests that 

stem cells retain preexisting canonical histones during asymmetric cell divisions, probably as a 
mechanism to maintain their unique molecular properties. 


Ithough all cells in an organism con- 
A the same genetic material, differ- 

ent genes are expressed in specific cell 
types, allowing them to differentiate along dis- 
tinct pathways. Epigenetic mechanisms regulate 
gene expression and maintain a specific cell 
fate through many cell divisions (/—3). Stem cells 
have the remarkable ability to both self-renew and 
generate daughter cells that enter differentiation 
(4). Epigenetic mechanisms have been reported 
to regulate stem cell activity in multiple lineages 
(5—7). However, there has been little direct in 
vivo evidence demonstrating whether stem cells 
retain their epigenetic information. 

The Drosophila male GSCs are well char- 
acterized in terms of their physiological lo- 
cation, microenvironment (i.e., niche), and 
cellular structures (8, 9) (Fig. 1, A and B). 
Male GSCs can be identified precisely by their 
distinct anatomical positions and morpholog- 
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ical features. A GSC usually divides asym- 
metrically to produce a self-renewed GSC and 
a daughter cell gonialblast (GB) that under- 
goes differentiation. Therefore, GSCs can be 
examined at single-cell resolution for a direct 
comparison. 

In eukaryotes, the basic unit of chromatin 
called nucleosome contains histone octamer 
[2x(H3, H4, H2A, H2B)] and DNA wrapping 
around them. Indeed, histones are one of the 
major carriers of epigenetic information (/0). 
To address how histones are distributed during 
the GSC asymmetric division, we developed a 
switchable dual-color method to differentially 
label “old” versus “new” histones (Fig. 1C) that 
uses both spatial (by Gal4; UAS system) and 
temporal (by heat shock induction) controls to 
switch labeled histones from green [green fluores- 
cent protem (GFP)] to red [monomeric Kusabira- 
Orange (mKO)]. Heat shock treatment induces 
an irreversible DNA recombination to shut down 
expression of GFP-labeled old histones and ini- 
tiate expression of mKO-labeled new histones. 
If the old histones are partitioned nonselective- 
ly, the GFP will initially exhibit equal distribu- 
tion in the GSC and GB, and will be gradually 


replaced by the mKO (Fig. 1D). However, if 
the old histones are preferentially retained in 
the GSCs to constitute potentially GSC-specific 
chromatin structure, the GFP will be detected 
specifically in the GSCs (Fig. 1E). During DNA 
replication—dependent canonical histone depo- 
sition, histones H3 and H4 are incorporated as a 
tetramer, and histones H2A and H2B are incorpo- 
rated as dimers (//—/5). Therefore, we generated 
independent transgenic strains for H3 and H2B, 
respectively. On the other hand, histone variants 
are incorporated into chromatin in a transcription- 
coupled but DNA replication—independent man- 
ner (/6, 17). Therefore, the histone variant H3.3 
was used as a control for canonical histones. 

To avoid potential complications caused 
by heat shock—induced DNA recombination on 
either one or both chromosomes in GSCs, each 
of the three transgenes (H3, H2B, and H3.3) was 
integrated as a single copy and analyzed in het- 
erozygous flies. Examination of testes with the 
transgenes revealed nuclear GFP but little mKO 
signal before heat shock. After heat shock, mKO 
signals were detectable (fig. S1). Different GSCs 
undergo mitosis asynchronously, and an average 
cell cycle length of GSCs is approximately 12 to 
16 hours. Among all GSCs, 75 to 77% are in Gz 
phase, 21% are in S phase, fewer than 2% are in 
mitosis, and G,-phase GSCs are almost negligi- 
ble (/8—22). Moreover, the GSC and GB arising 
from an asymmetric division remain connected 
after mitosis by a cellular structure known as the 
spectrosome, when they undergo the next G, and 
S phases synchronously (/9, 2/). 

To examine the distribution of old versus 
new histones in GSC and GB after a round of 
DNA replication—dependent histone deposition, 
we studied testes 16 to 20 hours after heat shock 
(Fig. 2A). In particular, GSC-GB pairs connected 
by spectrosomes were examined (Fig. 2, B 
and H, arrows). On the basis of cell cycle length 
of GSCs, these GSC-GB pairs were from GSCs 
that switched from histone-GFP to histone-mKO 
genetic code during their G) phase and then 
underwent the first mitosis followed by Gy, S, 
and G» phase and the second mitosis (Fig. 
2A). Within this time frame, both old histones 
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| nanos Feed histone-mKO 


Fig. 1. Experimental design and potential results. (A) Diagram of the GSC niche. 
HUB, hub cells; CySC, cyst progenitor/somatic stem cell. (B) Immunofluorescent 
image of the niche: HUB (anti—Fas III, red, asterisk), GSC-GB pair expressing H3- 
GFP (green, dotted outline) connected by a spectrosome (anti-a-spectrin, red, 
arrow). (C) The UASp-FRT-histone-GFP-PolyA-FRT-histone-mKO-PolyA transgene. 


after heat-shock: 


Fig. 2. H3 is asymmetrically segre- A 
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UAS, upstream activating sequence; FRT, FLP (flippase) recombination target; 
histone, H3, H2B, or histone variant H3.3; nanos-Gal4, a germline-specific driver; 
hs-FLP, the yeast FLP recombinase controlled by the heat shock (hs) promoter. (D 
and E) Two potential results. For simplicity, only one GSC-GB pair is shown, and 
each entire cell is colored according to histone fluorescence. 


gated during the second GSC divi- =ohr 0:9.0r i} Siw 
sion after heat shock. (A) Heat shock | 

regime. (B to G) H3 is distributed asym- _ First cell cycle: 

metrically in GSC versus GB (B to D) but Subsequent 2 hr heat shock 

symmetrically in two-cell spermatogo- cell cycle: 16-20 hr recovery 


nia (E to G). (H to J) H3.3 is distributed 
symmetrically in GSC versus GB. (K to 
S) H3 distribution pattern in GSCs: (K 
to M) G> phase, (N to P) anaphase, (Q to 
S) telophase. Scale bars, 5 um. Asterisk, 
HUB (anti—Fas III); arrow, spectrosome 
(anti-o-spectrin). (T) Quantification of 
GFP and mKO fluorescence intensity ratio 
(table 52). H3 GSC/GB GFP ratio > 1 ("P< 
107%), GSC/GB mKO ratio < 1 (*P < 
107“), N = 15. H3 two-cell spermato- 
gonial (SG) SG1/SG2 GFP ratio (#P = 
0.103) and mKO ratio (#P = 0.684) are 
insignificantly different from 1, NV = 16. 
H3.3 GSC/GB GFP ratio (#P = 0.513) 
and mKO ratio (#P = 0.532) are insig- 
nificantly different from 1, N = 12. Error 
bars: SE; P value: one-sample ¢ test. 


and new histones were detectable in GSCs at 
the second G» phase (Fig. 2, K to M, and table 
S1) because new histones had been synthesized 
and incorporated during the first S phase. For 
histone H3, the GFP signal was detected pri- 
marily in the GSC but not in the GB (Fig. 2C). 
By contrast, the mKO signals were present in 
both the GSC and the GB, with a relatively higher 


level in the GB (Fig. 2, B and D). The asymmetric 
distribution of histone H3 was specific for GSC 
divisions, because both the GFP and mKO sig- 
nals were equally distributed in spermatogonial 
cells derived from a symmetric division of the 
GB in the same testis samples (Fig. 2, E to G). 
Quantification of fluorescence intensity revealed 
that the old H3 (GFP-labeled) signal was more 
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enriched in the GSC than in the GB by a factor 
of ~5.7, whereas new H3 (mKO-labeled) signal 
was more enriched in the GB than in the GSC 
by a factor of ~1.6 (H3 GSC/GB data in Fig. 2T 
and tables S1 and S2). By contrast, this dif- 
ferential distribution of old versus new histone 
was not detected for symmetrically dividing sper- 
matogonial cells (H3 SG1/SG2 data in Fig. 2T, 
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Fig. 3. H3 is asymmetrically distributed after the first GSC division after 
heat shock. (A) Heat shock regime. (B to G) H3 is distributed asymmetrical- 
ly in GSC versus GB (B to D) but symmetrically in two-cell spermatogonia 
(E to G). (H to J) H3.3 is distributed symmetrically in GSC versus GB. (K 
to N) A telophase GSC. Asterisk, HUB (anti—Fas III); arrow, spectrosome 
(anti—o-spectrin). (O) Quantification of GFP and mKO fluorescence intensity 
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ratio (table S4). H3 GSC/GB GFP ratio > 1 (*P < 10°“), GSC/GB mKO ratio < 1 
(*P < 10“), N = 12. H3 two-cell spermatogonial (SG) SG1/SG2 GFP ratio 
(#P = 0.225) and mKO ratio (#P = 0.365) are insignificantly different from 1, 
N = 11. H3.3 GSC/GB GFP ratio (#P = 0.970) and mKO ratio (#P = 0.594) 
are insignificantly different from 1, N = 13. Error bars: SE; P value: one- 
sample tf test. 


Fig. 4. Loss of asymmetric H3 distribution pattern upon overexpression of upd. (A to C) In nanos-Gal4; 
UAS-upd testis. (A), both H3-GFP (B) and H3-mKO (C) are symmetrically distributed in overproliferative 
GSC-like cells. Asterisk, HUB (anti—Fas III). 


tables S1 and S2: H3-GFP ratio in SG1/SG2 = 
1.09; H3-mKO ratio in SG1/SG2 = 1.02). 

In contrast to the asymmetric distribution 
pattern for the canonical histone H3, the histone 
variant H3.3 did not show this asymmetry dur- 
ing GSC divisions, by fluorescence images (Fig. 
2, H to J) and by quantification (H3.3 GSC/GB 
data in Fig. 2T, tables S1 and S2: H3.3-GFP 
ratio in GSC/GB = 1.03; H3.3-mKO ratio in 
GSC/GB = 1.03). The symmetry of the histone 
variant H3.3 suggests that the asymmetric mode 
is specific for canonical histone H3. 

Fewer than 2% of all GSCs are undergoing 
mitosis; thus, all analyses above were based on 
postmitotic GSC-GB pairs. To further examine 
the histone segregation pattern during mitosis, 
we screened for mitotic GSCs. Indeed, old his- 


tones were mainly associated with the chromatids 
segregated to the GSC side at metaphase (fig. S2), 
anaphase (Fig. 2, N to P, fig. S2, arrowheads), 
and telophase (Fig. 2, Q to S, arrowheads). By 
contrast, new histones were more enriched at the 
chromatids segregated to GB side (Fig. 2, N, P, 
Q, and S, and fig. S2, arrows). These results sug- 
gest that the sister chromatids preloaded with old 
histones are preferentially retained in GSCs and 
that the ones enriched with new histones are par- 
titioned to GBs during GSC mitosis. 

Next, we examined the histone distribution 
pattern during the first GSC division by recov- 
ering GSCs for 4 to 6 hours after heat shock 
(Fig. 3A). An asymmetric distribution pattern 
was also found in the GSC-GB pairs with the 
H3 transgene (Fig. 3, B to D). By contrast, a 


symmetric distribution pattern was observed 
for both dividing spermatogonial cells with the 
H3 transgene (Fig. 3, E to G) and H3.3 during 
GSC division (Fig. 3, H to J). Quantification of 
fluorescence intensity revealed that the old H3- 
GFP signal was enriched in the GSC by a factor 
of ~13 relative to the GB, whereas the new 
H3-mKO signal was enriched in the GB by a fac- 
tor of ~2.4 relative to the GSC (H3 GSC/GB 
data in Fig. 30, tables S3 and S4). By con- 
trast, there was no differential distribution of 
the old versus new histone for the symmetrical- 
ly dividing spermatogonial cells (H3 SG1/SG2 
data in Fig. 30, tables S3 and S4: H3-GFP ratio 
in SG1/SG2 = 1.07; H3-mKO ratio in SG1/SG2 = 
1.06), or H3.3 during GSC division (H3.3 GSC/ 
GB data in Fig. 30, tables $3 and S4: H3.3- 
GFP ratio in GSC/GB = 1.00; H3.3-mKO ratio in 
GSC/GB = 1.02). Although an asymmetric his- 
tone distribution pattern was detected in postmi- 
totic GSC-GB pairs, examination of the mitotic 
GSC at this stage did not show any asymmetry 
(Fig. 3, K to N). These data suggest that the 
asymmetric segregation mode (Fig. 2, N to S) 
relies on replication-dependent histone incorpo- 
ration prior to mitosis. However, the factor of >10 
difference of GFP signal between GSC and GB 
could be contributed by faster turnover of old his- 
tones in GBs, probably as a mechanism to reset 
the chromatin for differentiation. By contrast, the 
difference of mKO in GSC and GB was less sub- 
stantial, probably as a result of new histone syn- 
thesis in both cells. Furthermore, the H2B transgene 


www.sciencemag.org SCIENCE VOL 338 2 NOVEMBER 2012 


681 


REPORTS 7 


Downloaded from www.sciencemag.org on November 3, 2012 


REPORTS 


682 


showed a similar pattern to H3 after the first GSC 
division (fig. S3). 

The consistent asymmetric cell divisions of 
GSCs could be lost under certain conditions, 
such as ectopic activation of the key JAK-STAT 
signaling pathway in the niche (23—25). It has 
been shown that overexpression of the JAK- 
STAT ligand unpaired (OE-upd) induces over- 
population of GSCs (23, 24). Consistent with the 
loss of asymmetry in expanded GSCs, the asym- 
metric distribution pattern of the histone H3 was 
not observed in OE-upd testes 16 to 20 hours 
after heat shock (Fig. 4). These results demon- 
strate that the asymmetric histone distribution 
pattern is dependent on GSC asymmetric di- 
visions. We propose a two-step process as our 
favored explanation (fig. S4A; an alternative 
explanation is discussed in fig. S4B): Old and 
newly synthesized histones are incorporated to 
different sister chromatids during S phase; then, 
during mitosis, the sister chromatid preloaded 
with old histones is preferentially segregated 
to GSC. 

These data reveal that stem cells preserve 
preexisting histones through asymmetric cell 
divisions. The JAK-STAT signaling pathway 
required for the asymmetric GSC divisions 
contributes to the asymmetric histone distribu- 
tion pattern. This work provides a critical first 
step toward identifying the detailed molecular 
mechanisms underlying old histone retention 


during GSC asymmetric division. These findings 
in the well-characterized GSC model system will 
facilitate understanding of how epigenetic infor- 
mation could be maintained by stem cells or 
reset in their sibling cells that undergo cellular 
differentiation. 
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Some Consequences of Having 


Too Little 


Anuj K. Shah,* Sendhil Mullainathan,? Eldar Shafir? 


Poor individuals often engage in behaviors, such as excessive borrowing, that reinforce the 
conditions of poverty. Some explanations for these behaviors focus on personality traits of the 
poor. Others emphasize environmental factors such as housing or financial access. We instead 
consider how certain behaviors stem simply from having less. We suggest that scarcity changes 
how people allocate attention: It leads them to engage more deeply in some problems while 
neglecting others. Across several experiments, we show that scarcity leads to attentional shifts that 
can help to explain behaviors such as overborrowing. We discuss how this mechanism might 


also explain other puzzles of poverty. 


he poor often behave in ways that re- 

| inforce poverty. For instance, low-income 
individuals often play lotteries (/, 2), fail 

to enroll in assistance programs (3), save too 
little (4), and borrow too much (5). Currently there 
are two ways to explain this behavior. The first 
focuses on the circumstances of poverty, such as 
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education (6), health (7), living conditions (8), 
political representation (9), and numerous demo- 
graphic and geographic variables (J0, //). Put 
simply, the poor live in environments (for so- 
ciological, political, economic, or other reasons) 
that promote these behaviors. The second view 
focuses on personality traits of the poor (/2—/4). 
But we suggest a more general view: Resource 
scarcity creates its own mindset, changing how 
people look at problems and make decisions. 

To understand this hypothesis, consider how 
people manage expenses. When money is abun- 
dant, basic expenses (e.g., groceries, rent) are han- 
dled easily as they arise. These expenses come 
and go, rarely requiring attention and hardly lin- 


gering on the mind. But when money is scarce, 
expenses are not easily met. Instead of appearing 
mundane, they feel urgent. The very lack of 
available resources makes each expense more 
insistent and more pressing. A trip to the gro- 
cery store looms larger, and this month’s rent 
constantly seizes our attention. Because these 
problems feel bigger and capture our attention, 
we engage more deeply in solving them. This is 
our theory’s core mechanism: Having less elicits 
greater focus. 

This view is not bound to the specific cir- 
cumstances of poverty, nor does it make as- 
sumptions about the dispositions of the poor. 
This mindset stems from the most fundamen- 
tal feature of poverty: having less. And this hy- 
pothesis is about scarcity more generally, not 
just poverty. Indeed, just as expenses capture the 
attention of the poor, researchers have found 
that people who are hungry and thirsty focus 
more on food- and drink-related cues (/5, /6). 
Likewise, the busy (facing time scarcity) respond 
to deadlines with greater focus on the task at 
hand (/7). Across many contexts, we see a sim- 
ilar psychology. People focus on problems where 
scarcity is most salient. 

The second part of our theory follows read- 
ily from the first. Because scarcity elicits greater 
engagement in some problems, it leads to ne- 
glect of others. While focusing on the groceries 
from week to week, we might neglect next month’s 
rent. While consumed with meeting tomorrow’s 


2 NOVEMBER 2012 VOL 338 SCIENCE wwwssciencemag.org 


Downloaded from www.sciencemag.org on November 3, 2012 


manuscript deadline, we might fail to prepare 
next week’s lecture. Attentional neglect appears 
in many domains. Low-income homeowners often 
do not attend to regular home maintenance while 
they focus on more pressing expenses (/8). Ne- 
glected, these small repairs become major projects. 
Similarly, in areas where water-borne illness is 
common, families might focus on pressing daily 
expenses while failing to procure periodic water 
treatments (/9). 

Attentional neglect can explain another par- 
ticularly striking behavior: why low-income in- 
dividuals take short-term, high-interest loans, with 
interest rates that can approach 800% (20-22). 
These loans make it easier to meet today’s needs, 
but the loans’ deferred costs make it difficult to 
meet future expenses. If scarcity creates a focus 
on pressing expenses today, then attention will 
go to a loan’s benefits but not its costs. This 
suggests a clear prediction: Scarcity, of any kind, 
will create a tendency to borrow, with insuffi- 
cient attention to whether the benefits outweigh 
the costs. 

Consistent with this prediction, the busy al- 
so borrow. Facing tight budgets (i.e., deadlines), 
they borrow time by taking extensions. Like the 
poor, the busy often take extensions because 
they focus on urgent tasks, but neglect impor- 
tant tasks that seem less pressing (23). We sug- 
gest that both forms of borrowing stem from how 
scarcity shifts attention. 

We test this theory with the use of an approach 
that psychologists have employed to study other 
social problems, such as obedience to authority 
(24), helping behavior (25), and conformity (26). 
Simple experiments can distill a problem’s primary 
features in the lab, abstracting from the complex- 
ities of the world and highlighting how selected 
features guide behavior. Here, we distill scarcity 
and test its influence on how people borrow. Ex- 
periments 1 and 2 show that scarcity creates in- 
creased focus. Experiments 2 to 5 demonstrate 
how (and why) scarcity leads people to borrow. 

In all experiments, participants were ran- 
domly assigned budgets; “poor” participants 
had smaller budgets than “rich” participants [see 
(27) for a full description]. These budgets were 
distributed in “paychecks” across multiple rounds 
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Fig. 1. Performance in experiment 1: Standardized 
points earned by the rich and poor. Error bars rep- 
resent SE of the mean. 
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of a game. Poor participants had proportional- 
ly smaller paychecks than rich participants. On 
each round, participants used the resources to 
ear rewards. If participants moved on from a 
round without exhausting their paycheck, un- 
spent units were saved for future use. Partici- 
pants were also assigned to different borrowing 
conditions. Some could not borrow—when a pay- 
check was exhausted, they moved to the next 
round. Other participants could borrow at a cost 
R: Borrowing an additional resource unit for the 
current round subtracted R units from their over- 
all budget. 

In experiment 1, 60 participants played a ver- 
sion of Wheel of Fortune (WoF). Scarcity was 
manipulated by budgeting participants’ chances 
to guess letters in word puzzles. Poor partici- 
pants had 84 total guesses (6 per round); rich 
participants had 280 guesses (20 per round). Pre- 
vious work suggests that greater engagement 
in WoF will cause cognitive fatigue and worse 
performance on subsequent cognitive tasks (28). 
As a measure of cognitive fatigue, after WoF, par- 
ticipants completed a version of the Dots-Mixed 
task, which assesses executive functions such as 
attention and cognitive control (29). Participants 
responded to visual stimuli presented to the left 
or right of a fixation cross. On congruent trials, 
participants had to press a key on the same side 
as the stimulus; on incongruent trials, they had 
to press a key on the opposite side. Congruent 
and incongruent trials (40 each) were random- 
ly presented. Although WoF included a scarcity 
manipulation, the Dots-Mixed task was identical 
for all participants. 

A simple model of effort might suggest that 
the rich should be more fatigued because they 
spent more time and made more guesses playing 
WoF. In our model, however, the poor would en- 
gage more deeply and could be more fatigued 
despite spending less time. 

We measured the total number of correct re- 
sponses in the attention task. Four participants 
were removed from the analyses for having zero 
correct responses. Poor participants performed 
worse (mean + SD, 45.12 + 15.87) than did rich 
participants (52.93 + 12.79) [F(1, 54) = 4.16, 


Fig. 2. The accumulation 
of debt in experiment 4. 
The paycheck for each round 
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P< 0.05, effect size Ne = 0.07; see table S1 for 
performance based on trial type]. Scarcity seems 
to have created greater engagement: Even with 
less time played (and fewer guesses made), the 
poor were more depleted. 

Experiment 2 offers a more precise look at 
how scarcity changes engagement. Sixty-eight 
participants played a video game similar to Angry 
Birds. They fired shots from a slingshot, earning 
points for clearing targets. The poor had budgets 
of 30 shots (3 per level); the rich had 150 shots 
(15 per level). Some participants could not bor- 
row shots, whereas others could borrow with 
R=2 (essentially, 100% interest). Participants 
played until exhausting their budget. 

To analyze how scarcity affected focus, we 
measured how long participants spent aim- 
ing each shot (i.e., how careful they were with 
their resources). Poor participants spent more 
time aiming the first shot of each level (log- 
transformed milliseconds, 8.08 + 0.42) than did 
rich participants (7.73 + 0.39) [F(, 64) = 12.96, 
P < 0.001, m5 = 0.17]. These results held for 
subsequent shots as well. Because the rich could 
always earn more points (and each additional 
point increased the chances of winning a prize), 
they had an incentive to remain engaged and 
use their resources well. Yet they were less en- 
gaged than the poor. Still, one might argue that 
these differences are driven by rich participants 
losing interest later in the game. However, these 
differences emerged on the very first shot of 
the game (poor: 8.19 + 0.52; rich: 7.86 + 0.52) 
[FC, 64) = 6.58, P < 0.05]. 

This engagement had some benefits for the 
poor. Among participants who could not bor- 
row, the poor earned more points per shot (2.31 + 
0.60) than did the rich (1.67 + 0.37) [FC, 31) = 
11.92, P < 0.005]. Rich participants had 5 times 
as many shots as the poor, but earned far fewer 
than 5 times as many points. If the rich had 
played as if they were poor, they would have 
performed better. It seems that to understand 
the psychology of scarcity, we must also appre- 
ciate the psychology of abundance. If scarcity 
can engage us too much, abundance might en- 
gage us too little. 
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These results illustrate scarcity’s focusing 
effect. Field data also show scarcity-induced fo- 
cus. For instance, instead of offering bulk dis- 
counts, some retailers raise the per-unit cost of an 
item as purchase quantity increases. Most people 
overlook these occasional “quantity surcharges,” 
but low-income consumers are more likely to 
notice these surcharges (30). Low-income con- 
sumers are also more sensitive to “hidden” taxes— 
those not included in the posted price (37). 

Our experiments also suggest that scarcity 
leads people to neglect future rounds and bor- 
row away from them. In experiment 2, each shot 
used beyond a round’s paycheck counted as a 
shot borrowed. Borrowed shots were summed 
across a participant’s game. As a fraction of their 
budget, poor participants borrowed more shots 
(0.24 + 0.15) than the rich (0.02 + 0.05) [F(1, 33) = 
27.53, P < 0.001]. 

Performance data suggest that this borrowing 
was counterproductive. We measured perform- 
ance in z-scores, standardizing points earned 
separately for the poor and the rich (Fig. 1; 
see table S2 for unstandardized data). Rich par- 
ticipants performed similarly whether they could 
not borrow (—0.12 + 0.77) or could (0.10 + 1.18), 
whereas poor participants fared better when 
they could not borrow (0.55 + 0.65) than when 
they could (—0.55 + 1.00) [scarcity x borrowing 
interaction, F(1, 64) = 8.47, P < 0.005, Np = 
0.12]. This suggests that the poor overborrowed. 

The amount of borrowing by the poor was 
significantly correlated with measures of engage- 
ment. On rounds where poor participants bor- 
rowed, the average amount of time spent aiming 
each shot in their paycheck correlated positively 
with how many shots they subsequently bor- 
rowed [r(38) = 0.34, P < 0.05]. The more fo- 
cused the poor were on the current round, the 
more they neglected (and borrowed away from) 
future rounds. 

To ensure that this was not an artifact of a 
particular context, we considered a different form 
of scarcity: having too little time. In experiment 
3, 143 participants were given budgets of time 
with which to play Family Feud, a trivia game 
where each question allows multiple answers. 
Each round consisted of a new question and 
participants earned points for each correct an- 
swer. Poor participants had budgets of 300 s (15 
per round); rich participants had 1000 s (50 per 
round). Participants played until exhausting their 
budget. There were three borrowing conditions: 
no borrowing, borrowing with R = 1 (ie., “with- 
out interest”), and borrowing with R = 2 (“with 
interest”). 

Regardless of interest rate, poor participants 
borrowed a greater proportion of their budget 
(0.22 + 0.15) than did rich participants (0.08 + 
0.15) [FC 102) = 22.39, P< 0.001]. Once again, 
the poor overborrowed [interaction F(1, 137) = 
6.54, P = 0.002, n; = 0.09; see table S3 for un- 
standardized data]. Rich participants performed 
similarly whether they had no option to borrow 
(0.06 + 1.10), borrowed without interest (—0.31 + 


0.88), or borrowed with interest (0.25 + 0.98) 
[F(, 137) =2.14, P= 0.15]. The poor performed 
best when they could not borrow (0.60 + 1.14), 
less well when they borrowed without interest 
(0.08 + 0.67), and worst when they borrowed 
with interest (—0.48 + 0.94) [F(1, 137) = 7.49, 
P<0.001]. 

The effects of scarcity appear to be quite gen- 
eral. But one concern with these studies might 
be that the consequences of borrowing, which 
were not felt until the end, were not sufficiently 
salient. In experiment 4, we therefore modified 
the game so that borrowing would create “debt” in 
subsequent rounds. That is, the size of each pay- 
check varied depending on how people borrowed 
or saved. Initial paychecks were the same as in 
experiment 3, but on subsequent rounds, pay- 
checks equaled the total time remaining divided 
by the number of remaining rounds. Participants 
played until they exhausted their budget or com- 
pleted 20 rounds, whichever came first. Exces- 
sive borrowing on one round would therefore 
lead to a smaller paycheck on the next round. 
Some participants could not borrow, whereas 
others could borrow with R = 2. 

Poor participants borrowed a greater pro- 
portion of their budget (0.27 + 0.14) than did 
rich participants (0.03 + 0.04) [F(1, 56) = 
70.50, P < 0.001] and consequently saw their 
paychecks shrink during the game (Fig. 2). 
For this analysis, each round’s paycheck was 
converted to a proportion of the default pay- 
check (i.e., dividing by 15 for the poor and by 
50 for the rich). We regressed these propor- 
tions on the round numbers and analyzed the 
slopes for each participant. The poor accumu- 
lated debt at a higher rate (mean of slope + SD, 
—0.13 + 0.18) than did the rich (—0.01 + 0.01) 
[Mann-Whitney test, z = 5.46, P < 0.001]. Fur- 
thermore, the poor did not adjust their borrow- 
ing as they accumulated debt. Instead, as their 
budgets shrunk, they gradually increased their 
borrowing relative to their remaining budget (27). 
As a result, rich participants performed similarly 
when they could not borrow (—0.09 + 0.81) and 
when they could (0.11 + 1.20). The poor per- 
formed better when they could not borrow (0.54 + 
0.77) than when they could (—0.49 + 0.94) [in- 
teraction F(1, 114) = 12.81, P < 0.001, Np a 
0.10; see table S4 for unstandardized data]. 

As in these experiments, neglect also cre- 
ates many forms of borrowing (beyond con- 
ventional loans) among the poor in the world. 
For example, the poor often focus on certain 
expenses while neglecting utility payments, there- 
by incurring reconnection fees that are like in- 
terest payments—“borrowing” by paying the 
bill late (32). 

Experiment 5 offers more direct support for 
the notion that scarcity creates attentional neglect. 
One hundred thirty-seven participants played 
Family Feud. Some participants could see pre- 
views of the subsequent round’s question at the 
bottom of the screen; others could not. We ex- 
pected that poor participants would be too fo- 


cused on the demands of the current round to 
consider what comes next, whereas rich partic- 
ipants would be able to consider future rounds 
and whether moving on was beneficial. All par- 
ticipants could borrow with R = 3. As predicted, 
poor participants performed similarly with pre- 
views (—0.02 + 0.87) and without (0.02 + 1.11), 
while rich participants performed better with pre- 
views (0.32 + 0.98) than without (—0.35 + 0.92) 
[scarcity x borrowing interaction, FU, 133) = 
4.29, P < 0.05, Np = 0.03; for unstandardized 
scores, see table S5]. One concern might be that 
the poor did not have enough time to consider 
the previews. But the experiments above found 
that the poor were using too much; they were 
overborrowing. Their performance in the no- 
preview condition left substantial room for im- 
provement. Even if poor participants had used 
some of the borrowed time to consider the pre- 
views and move on sooner, they could have im- 
proved. That is, the previews benefited the rich 
by helping them save more; they could have ben- 
efited the poor by helping them borrow less. But 
it appears they were too focused on the current 
round to benefit. 

Taken together, these studies provide com- 
pelling support for the notion that scarcity elicits 
greater engagement and that a focus on some 
problems leads to neglect of others (manifesting 
in behaviors such as overborrowing). An alter- 
native account might be that the poor and rich 
approached these tasks with the same mindset— 
playing each round until they were satisfied with 
their progress before moving on. By this account, 
the poor borrowed only because they were facing 
more severe constraints. But evidence from ex- 
periments 1 and 2 suggests that the poor and rich 
did not approach the tasks in the same way. The 
poor were more engaged. 

Another explanation might be that scarcity 
creates cognitive load, thereby diminishing per- 
formance. Cognitive load might prevent people 
from figuring out the optimal borrowing rates, 
or it might lead people to use their resources less 
efficiently or make riskier financial decisions. 
Although we agree that scarcity creates load, our 
theory is more specific about the origins of that 
load and its effects. We suggest that cognitive 
load arises because people are more engaged with 
problems where scarcity is salient. This con- 
sumes attentional resources and leaves less for 
elsewhere. 

Once we appreciate where attention is drawn 
under scarcity, we see how this mechanism can 
explain behaviors other than overborrowing. 
Scarcity-induced focus is not myopia, nor does 
it necessarily imply steeper discount rates. The 
poor often save for the future. However, their sav- 
ings are not set aside in a generic account, but 
rather are geared toward specific expenses. That 
is, the poor often save for the same reason they 
borrow. This has clear policy implications. Inter- 
ventions that draw people’s attention to specif- 
ic future needs should be particularly effective 
at increasing savings (33). This mechanism also 
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explains why the poor in many countries have a 
patchwork of financial instruments, with high 
turnover across accounts. A scarcity mindset leads 
people to choose the most locally convenient 
response to pressing demands, leading to con- 
stant financial juggling (34). 

Questions surrounding poverty are large. 
Poverty has long occupied philosophers, social 
scientists, and policy-makers. No experiment can 
fully explain how poverty, and scarcity more 
generally, guides behavior. But the hypotheses, 
methods, and results above offer an approach to 
unpacking this problem. This paradigm can shed 
light on the cognitive consequences of poverty. 
Future research might also suggest ways to alle- 
viate the taxing cognitive consequences of having 
too little. Finally, this approach can help us to 
understand circumstances even broader than 
poverty, because scarcity underlies problems 
as dire as hunger and as mundane as busyness. 
These problems have traditionally been studied 
within their own limited domains. A more gen- 
eral study of scarcity can inform our understand- 
ing of many specific contexts at once. This may 
be the key to a deeper appreciation of the vast 
psychology that stems from having too little. 
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Participate in seminars on the biology 
and evolution of human language, global 
fisheries and food supply, the brain’s 
plasticity, and communicating science 

as well as 150 symposia across 14 tracks 
that cover the breadth of science, 
engineering, education, and policy. 


e Share ideas with leaders in science and 
technology. 


e Learn about recent developments in 
education and policy. 


¢ Network with colleagues and make new 
connections. 


View full program and take advantage of 
early registration and hotel discounts 
www.aaas.org/meetings 


Follow us on Twitter 
www.twitter.com/AAASMeetings 
#AAASmtg 


Reporters: The EurekAlert! website hosts 
the AAAS Meeting Newsroom. Reporters 
can obtain details and register 
www.eurekalert.org/newsroom 


MN AAAS 


ADVANCING SCIENCE, SERVING SOCIETY a 


AAAS presents the 


2013 AAAS ANNUAL MEETING 


THE BEAUTY AND BENEFITS OF SCIENCE 


William H. Press 
AAAS President and 2013 Program Chair 


Dear Colleagues, 


On behalf of the AAAS Board of Directors, it is my honor to 
invite you to join us in Boston for the 2013 AAAS Annual 
Meeting, 14-18 February. As you may know, this annual 
event is one of the most widely recognized global science 
gatherings, with hundreds of networking opportunities and broad U.S. and 
international media coverage. 


The meeting’s theme — The Beauty and Benefits of Science — points to the 
“unreasonable effectiveness” of the scientific enterprise in creating economic 
growth, solving societal problems, and satisfying the essential human drive 
to understand the world in which we live. 


The phrase “unreasonable effectiveness” was coined in 1960 by physicist 
Eugene Wigner, who explored the duality of mathematics — both beautiful 
unto itself, and also eminently practical, often in unexpected ways. The 
scientific program will highlight the rich and complicated connections 
between basic and applied research, and how they bring about both practical 
benefits and the beauty of pure understanding. 


Everyone is welcome at the AAAS Annual Meeting. Those who join us will 
have the opportunity to choose among a broad range of activities, including 
plenary and topical lectures by some of the world’s leading scientists and 
engineers, multidisciplinary symposia, cutting-edge seminars, career 
development workshops, and an international exhibition. You and your family 
can also enjoy Family Science Days, a free event open to the general public. 


The Annual Meeting reflects tremendous efforts from the AAAS sections, 
divisions, and committees, which | gratefully acknowledge. | also extend a 
personal thanks to the members of the Scientific Program Committee who 
selected and assembled the many excellent ideas and proposals into this 
outstanding meeting. 


Please join us in Boston. 


William H. Press 

AAAS President and Program Chair; 
Warren J. and Viola M. Raymer Professor in 
Computer Science and Integrative Biology 
University of Texas at Austin 


on November 3, 2012 
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President’s Address 


Thursday, 14 February 


William H. Press 
Warren J. and Viola M. 
Raymer Professor in Com- 
puter Science and Integra- 
tive Biology, University of 
Texas at Austin 


Dr. Press is a noted researcher in computer 
science, genomics, statistical methods, 
astrophysics, and international security. 
He is a member of the President’s Council 
of Advisors on Science and Technology. 
His current research focus is bioinfor- 
matics and whole-genome genetics. He 
previously served as deputy laboratory 
director for science and technology at the 
Los Alamos National Laboratory and as 

a professor of astronomy and physics at 
Harvard University. He is a member of the 
U.S. National Academy of Sciences, a fel- 
low of the American Academy of Arts and 
Sciences, and a member of the Council on 
Foreign Relations. 


Plenary Speakers 


Friday, 15 February 


Sherry Turkle 

Abby Rockefeller Mauzé 
Professor of the Social 
Studies of Science and 
Technology in the Program 
in Science, Technology, and 
Society, MIT 


The Robotic Moment: What Do We 
Forget When We Talk to Machines? 


Dr. Turkle is founder and director of the 
MIT Initiative on Technology and Self. She 
received a joint doctorate in sociology 
and personality psychology from Harvard 
University and is a licensed clinical psy- 
chologist. Her research focuses on the 
psychology of human relationships with 
technology, especially in the realm of how 
people relate to computational objects. She 
is an expert on mobile technology, social 
networking, and sociable robotics and a 
regular media commentator on the social 


and psychological effects of technology. 
Her most recent book is Alone Together: 
Why We Expect More from Technology and 
Less from Each Other. 


Saturday, 16 February 

[ie «Nathan Myhrvold 
Founder and Chief Execu- 
tive Officer, Intellectual 
Ventures 


Modernist Cuisine: The Art and Science 
of Cooking 

Dr. Myhrvold founded Intellectual Ventures 
after retiring as chief strategist and chief 
technology officer of Microsoft Corporation. 
At Intellectual Ventures, he is focused ona 
variety of business interests relating to the 
funding, creation, and commercialization of 
inventions. During his tenure at Microsoft, 
he was responsible for founding Microsoft 
Research and technology groups that 
resulted in many successful products. He 
has extensive experience linking research 
to product development and commercial- 
ization and holds hundreds of patents. As 
a postdoctoral fellow in applied mathemat- 
ics and theoretical physics at Cambridge 
University, he worked with Stephen 
Hawking on research in cosmology, quan- 
tum field theory in curved space time, 

and quantum theories of gravitation. He 
earned a doctorate in theoretical and math- 
ematical physics and a master’s degree in 
mathematical economics from Princeton 
University. He also has a master’s degree in 
geophysics and space physics and a bache- 
lor’s degree in mathematics from University 
of California, Los Angeles. 


Sunday, 17 February 


Robert Kirshner 
Clowes Professor of Sci- 
ence, Harvard University 


The Beauty of the 
Accelerating Universe 


Dr. Kirshner is an astrophysi- 
cist studying the physics of supernovae and 


observational cosmology. He is a member 
of the High-z Supernova Search Team that 
used observations of extragalactic superno- 
vae to discover the accelerating universe, 
which implied the existence of dark energy. 
Dr. Kirshner’s graduate students Brian 
Schmidt and Adam Riess shared the 2011 
Nobel Prize in Physics with Saul Perlmutter 
for the discovery of cosmic acceleration. He 
teaches a popular course for Harvard under- 
graduates called “The Energetic Universe” 
and is author of the book The Extravagant 
Universe: Exploding Stars, Dark Energy, 

and the Accelerating Cosmos. He is a past 
president of the American Astronomical 
Society, a member of the National Academy 
of Sciences, and a 2012 Guggenheim Fellow. 


Monday, 18 February 
Cynthia Kenyon 


American Cancer Society 
Professor and Director of 
the Hillblom Center for the 
Biology of Aging, University 
of California, San Francisco 


Mechanisms for Life Extension in C. 
elegans 


Dr. Kenyon is a molecular biologist whose 
discovery with colleagues that a single- 
gene mutation could double the lifespan of 
the worm C. elegans sparked an intensive 
study of the molecular biology of aging. 
Her findings have since led to the discovery 
that an evolutionarily conserved hormone 
signaling system controls aging in other 
organisms as well, including mammals. 

As a doctoral student at Massachusetts 
Institute of Technology, she was the first 

to look for genes on the basis of their 
expression profiles, discovering that DNA 
damaging agents activate a battery of DNA 
repair genes in E. coli. She is a member of 
the U.S. National Academy of Sciences and 
the Institute of Medicine, a fellow of the 
American Academy of Arts and Sciences, 
and a past president of the Genetics 
Society of America. 
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M\AAAS|2013 THE BEAUTY AND 


ANNUALMEETING BENEFITS OF SCIENCE 


14-18 FEBRUARY e BOSTON 


HYNES CONVENTION CENTER 


Topical Lectures 
Richard Alley 


Evan Pugh Professor, Department of Geosciences, 
and Earth and Environmental Systems Institute, 
Pennsylvania State University 

Ice Sheets, Sea Level, and Other Surprises: Benefits 
of Understanding Some Beautiful Places 


Karl Deisseroth 

Associate Professor of Bioengineering and 
Psychiatry, Stanford University 
Optogenetics: Development and Application 


Felice Frankel 

Research Scientist, Center for Materials Science and 
Engineering, Massachusetts Institute of Technology 
More Than Pretty Pictures: How the Process of Mak- 
ing Science Images and Graphics Clarifies Under- 
standing 


Nina Jablonski 

Distinguished Professor of Anthropology, 
Pennsylvania State University 

The Evolution and Meanings of Human Skin Color 


Topical Panel: European Science Policy on the Move 


Chad Mirkin 

Director of International Institute for 
Nanotechnology and George B. Rathmann Professor 
of Chemistry, Northwestern University 

“Artificial Atoms” Formed from Nucleic Acid Nanopar- 
ticle Conjugates: The Dawn of a New Periodic Table 


Peter Norvig 
Director of Research, Google Inc. 
Technology for Educating Everyone 


GEORGE SARTON MEMORIAL LECTURE IN THE 
HISTORY AND PHILOSOPHY OF SCIENCE 


Silvan Schweber 

Emeritus Professor of Physics and Richard Koret 
Professor in the History of Ideas, Brandeis University 
Hans Bethe and Physics in the 2oth Century 


European science policy is as dynamic as ever. The new chief scientific advisor position to the European Commission President has been 
filled. National research councils are becoming more organized with the new Science Europe organization. Bottom-up research is increas- 
ingly supported at the European level. A bigger and larger EU research funding program, “Horizon 2020,” will be launched next year from 
the European Commission. Four high-level experts will be asked to address questions about where European science policy is headed. 


Moderated by: William H. Press, AAAS President and Program Chair; Warren J. and Viola M. Raymer Professor in Computer Science and 


Biology, University of Texas at Austin 


Paul Boyle 
President, Science Europe; Chief Executive, 
U.K. Economic and Social Research Council 


Anne Glover 
Chief Scientific Advisor to European 
Commission President, European Union 


Helga Nowotny 


President, European Research Council 


Robert-Jan Smits 
Director-General, Directorate-General for 
Research and Innovation, European Commission 


To browse the updated program, register, and reserve hotel rooms, visit www.aaas.org/meetings. 
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Special Sessions 


International Teacher-Scientist 
Partnership Conference 

Wednesday, 13 February - Thursday, 14 February 
Pre-registration required 


Responsible Professional Practices in a 
Changing Research Environment 
Thursday, 14 February 

Pre-registration required 


Curiosity’s Mission at Gale Crater, Mars 
Friday, 15 February 

John Grotzinger, Fletcher Jones Professor of 
Geology, and Project Scientist, Mars Science 
Laboratory, California Institute of Technology 
Open to all attendees 


Seminars 


Thursday, 14 February 
Communicating Science 


Scientific and technological issues increas- 
ingly trigger societal conflicts whenever they 
intersect with personal or political views. 
Particularly amid pressures on research and 
development budgets, and related concerns 
about transparency and accountability, 
today’s scientists and engineers are chal- 
lenged to communicate and engage with the 
public, reporters, and policy-makers. This 
seminar will share science communication 
expertise in working with different types of 
content, across a range of presentation for- 
mats, for various audiences. 


Organized by: Cornelia Dean, The New York 
Times; Dennis Meredith, Science Communication 
Consultant 


Working with Print, Broadcast, and 
Online Media 


SPEAKERS 

Juliet Eilperin, The Washington Post 
Science Reporting at Newspapers in an Age of 
Tight Budgets, Constant Deadlines, Political 
Polarization, and Industry Upheaval 


Chris Joyce, National Public Radio 
Science Journalism: Alive and Kicking 


Alan Boyle, NBCNews.com 
Science Journalism: On Internet Time 


Communicating Science to Policy-Makers 


SPEAKERS 

David Goldston, Natural Resources Defense 

Council 
Why Can’t They Just Do What’s Right?: 
Misperceptions and Barriers to Science 
Communication 


* Bill Foster, United States House of 
Representatives 


Arthur Lupia, University of Michigan 
Communicating Science in Politicized 
Environments 


Visualizing Science 


SPEAKERS 
Felice Frankel, Massachusetts Institute of 
Technology 
Tell Me What You See: Understanding Science 
Images 


Erik Olsen, The New York Times 
Explaining Science in Video 


Yael Fitzpatrick, AAAS/ Science 
Starting with the Basics, Ending with a Bang 


Engaging with Social Media 


SPEAKERS 
Scicurious, Neurotic Physiology 
Science Blogging for Fun and Profit 


Christie Wilcox, University of Hawaii 
Science in a Digital Age 


Dominique Brossard, University of Wisconsin, 
Madison 
Science and the Public in New Information 
Environments 


Friday, 15 February 


The Biology and Evolution 
of Human Language 


The human ability to learn and use language 
is deeply rooted in the biology of our spe- 
cies and processes of cultural evolution. We 
are biologically equipped for language in 
general, but inherit the specific cultural form 
of the languages in which we are socialized. 
The creation of new languages provides 
unique perspectives on language acquisi- 
tion. 


The Language Organ: The Bases of 
Human Language in Human Biology 
Organized by: Stephen Anderson, Yale University 


*Invited 


SPEAKERS 

Stephen Anderson, Yale University 
Human Language in the Broader Biological 
Context 


Steven Pinker, Harvard University 
Language as an Adaptation to the Cognitive 
Niche 


Janet F. Werker, University of British Columbia 
Infant Speech Perception: Biological 
Beginnings and Experiential Influences 


Erich Jarvis, Duke University Medical Center 
Learned Birdsong and the Neurobiology of 
Human Language 


David Poeppel, New York University 
What We Know About the Brain Bases of 
Language 


Karen Emmorey, San Diego State University 
The Generality of the Language Faculty: 
Biological Bases of Signed Language 


Historical Syntax 

Organized by: David Lightfoot, Georgetown 
University; Joseph Salmons, University of 
Wisconsin, Madison 


SPEAKERS 
David Lightfoot, Georgetown University 
Phase Transitions in Language History 


Tony Kroch, University of Pennsylvania 
Studying the Diffusion of Syntactic Changes in 
Historical Corpora 


Michel DeGraff, Massachusetts Institute of 
Technology 
A Null Theory of Creole Formation 


DISCUSSANT 
Mark Liberman, University of Pennsylvania 


Language Evolving: Genes and Culture in 
Ongoing Language Evolution 

Organized by: Stephen C. Levinson, Max Planck 
Institute for Psycholinguistics; Karen Emmorey, 
San Diego State University 


SPEAKERS 
Simon E. Fisher, Max Planck Institute for 
Psycholinguistics 
Language, Evolution, and the Genomics 
Revolution 


Russell Gray, University of Auckland 
Evolutionary Principles and the Diversification 
of Linguistic Form 


Carol Padden, University of California, La Jolla 
Culture Before Genes: The Case of a Village 
Sign Language 


DISCUSSANTS 

Dan Dediu, Max Planck Institute for 
Psycholinguistics; Fiona Jordan, Max Planck 
Institute for Psycholinguistics 
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Saturday, 16 February 


Brain Function and 
Plasticity 


Early experience has a lasting impact on 
our ability to perceive the world. It is widely 
understood that the brain is initially plas- 
tic and that its connections are tuned by 
early experience to match the environment. 
Recent evidence indicates that there is also 
considerable residual plasticity in the adult 
brain, which has implications for treatment 
of brain injury and recovery of lost function. 


The Connectome: From the Synapse to 
Brain Networks in Health and Disease 
Organized by: David Holtzman, Washington 
University, St. Louis 


SPEAKERS 
Mark F. Bear, Massachusetts Institute of 
Technology 
Molecules and Mechanisms Involved in 
Synaptic Plasticity in Health and Disease 


Jeff Lichtman, Harvard University 
Connectomics: Developing a Wiring Diagram for 
the Mammalian Brain 


Steve Petersen, Washington University, St. Louis 
The Human Connectome Project 


Marcus E. Raichle, Washington University, St. 
Louis 
The Brain’s Dark Energy and the Default Mode 
Network 


Nicole Calakos, Duke University 
Synaptic Plasticity in the Basal Ganglia in 
Health and Disease 


William W. Seeley, University of California, San 
Francisco 
Brain Networks: Linking Structure and Function 
in Neurodegenerative Diseases 


Old Dogs, New Tricks: How Plastic Is the 
Adult Human Brain? 

Organized by: Daphne Maurer, McMaster 
University; Susan M. Fitzpatrick, James S. 
McDonnell Foundation 


SPEAKERS 
Daphne Maurer, McMaster University 
Improving Vision After the Critical Period 


Alex R. Carter, Washington University School of 
Medicine, St. Louis 
A “New Trick” for Neuro-Rehabilitation: Treating 
Networks Not Spots 


Arthur Kramer, University of Illinois, Urbana- 
Champaign 
Physical Fitness Effects on Brain and Cognition 


DISCUSSANT 
Susan M. Fitzpatrick, James S. McDonnell 
Foundation 


Teaching the Brain to Speak Again: New 
Frontiers in Trauma and Stroke Recovery 
Organized by: Nan Ratner, University of Maryland; 
Margaret Rogers, American Speech-Language- 
Hearing Association 


SPEAKERS 

Julius Fridriksson, University of South Carolina 
Real-Time Audiovisual Feedback Enables Stroke 
Patients to Reacquire Speech 


Cynthia Thompson, Northwestern University 
Neurocognitive Mechanisms of Syntactic 
Recovery in Agrammatism 


Sheila Blumstein, Brown University 
Auditory Modeling Improves Aphasic Speech 
Production Recovery 


Sunday, 17 February 


Global Fisheries and Food 
Supply 


Ecosystem sustainability may be endan- 
gered by exploitation. As the rising world 
population increases demand for food 
production, the sustainable development 
of goods and services and the protection of 
ocean and fisheries environments will be a 
formidable challenge. Cooperation across 
scientific disciplines and international bor- 
ders is crucial to securing the future ocean. 


Realizing Jacques Cousteau’s Vision of 
Aqua-Farming Replacing Hunting of the 
Sea 

Organized by: KeShun Liu and Jeffrey Silverstein, 
U.S. Department of Agriculture (USDA) 
Agricultural Research Service 


SPEAKERS 
Margareth Overland, Norwegian University of Life 
Sciences 
Sustainable Ingredient Development for 
Aquaculture Feed 


Steven Summerfelt, The Conservation Fund 
Freshwater Institute 
Responsible Aquaculture by Minimizing 
Environmental Impacts on Land and Water 


Jeffrey Silverstein, USDA Agricultural Research 
Service 
Responsible Aquaculture Development: A 
Holistic Approach 


Moving Toward Sustainable Development of Large 
Marine Ecosystems 

Organized by: Kenneth Sherman, National Oceanic 
and Atmospheric Administration (NOAA) 


SPEAKERS 
Hashali Hamukuaya, Benguela Current 
Commission 
The Resilience and Robustness of the Benguela 
Current Large Marine Ecosystem 


Yihang Jiang, United Nations Development 
Program/Global Environment Facility Yellow Sea 
Project 


The Resilience and Robustness of the Yellow 
Sea Large Marine Ecosystem 


Michael Akester, United Nations Office for Project 
Services 
The Resilience and Robustness of the Humboldt 
Current Large Marine Ecosystem 


Weaving the Future Ocean Web Through 
Collaboration: the Nereus Program 
Organized by: Yoshitaka Ota and Villy Christensen, 
University of British Columbia 


SPEAKERS 

Henrik Osterblom, Stockholm University 
Weaving the Future Ocean Food Web: The 
Nereus Diagram 


Ryan Rykaczewski, Princeton University 
Linkages Between the Carbon Cycle and Biota 
in the Global Ocean 


Andre Boustany, Duke University 
Habitat and Fisheries Interactions: Spatial 
Patterns Under Climate Change 


Marc Metian, Stockholm Resilience Center 
Bridging Demand and Supply of Seafood: 
Sustainable Aquaculture in a Changing World 


Chris McOwen, United Nations Environment 

Program, World Conservation Monitoring Center 
Linking Terrestrial Processes, Coastal 
Landscapes, and Marine Ecosystems 


DISCUSSANTS 

Claire Nouvian, BLOOM Association; Philippe Cury, 
Center for Mediterranean and Tropical Fisheries 
Research, France 


Symposium Tracks 


Animal, Plant, and Food 


Sciences 


Advancing Food Safety in a Global 
Marketplace 

Organized by Nicola J. Stagg, Dow AgroSciences; 
P. Michael Bolger, Retired 


Alternate Paths to Food Security: Making 
the Right Choices While Feeding the 
World 

Organized by Albert G. Medvitz, McCormack 
Sheep and Grain 


Employing Cutting-Edge Plant Science 
To Address Global Issues that Threaten 
Mankind 

Organized by Melvin J. Oliver, U.S. Department of 
Agriculture 


Fixing the Broken Tomato: What We Like 
and Why We Like It 

Organized by Linda M. Bartoshuk and Harry J. 
Klee, University of Florida 


How Microbes Can Help Feed the World 
Organized by Ann Reid, American Academy of 
Microbiology 


To browse the updated program, register, and reserve hotel rooms, visit www.aaas.org/meetings. 
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Plant Viruses: Mutualists, Modulators, 
and Manipulators 

Organized by Ulrich Melcher, Oklahoma State 
University; Nilsa A. Bosque-Pérez, University of 
Idaho 


Power of New Generation Biotechnology 
To Transform Global Food Security 
Organized by Jenny Gu and Larry Beach, U.S. 
Agency for International Development 


Transforming Productivity and Incomes 
of Poor Farm Households in the 
Developing World 

Organized by Jerry Glover and Elizabeth Skewgar, 
U.S. Agency for International Development 


Why a Calorie Is Not a Calorie and Why It 
Matters for Human Diets 

Organized by Rachel N. Carmody and Richard 
Wrangham, Harvard University 


Anthropology, Culture, 


and Language 


Beyond Color: How Human Skin Interacts 
with Our World 


Organized by Nina Jablonski, Pennsylvania State 
University; Ellen E. Quillen, Texas Biomedical 
Research Institute 


Democratizing Science: Virtualization 
and Global Natural History Repositories 
Organized by Herbert D.G. Maschner, Idaho 
Museum of Natural History; Corey D. Schou, 
Idaho State University 


The Scars of Human Evolution 
Organized by Karen Rosenberg, University of 
Delaware; Rachel Caspari, Central Michigan 
University 


The Whole of Culture: Anthropology Back 
on Track 

Organized by Dwight Read, University of 
California, Los Angeles; Fadwa El Guindi, Qatar 
University 


Atmospheric, 
Hydrospheric, and 
Oceanic Sciences 


Advancing the Frontiers of 
Understanding the Ocean and Its Role in 
the Earth System 

Organized by Robert A. Weller, Woods Hole 
Oceanographic Institution 


Can Oceans Help Meet the Century’s 


Looming Food Security Challenges? 
Organized by Steven Gaines, University of 
California, Santa Barbara 


Contributions of Citizen Scientists to 
Climate Science 
Organized by |mke Durre 


Electric Oceans: Finding the Space for 
Marine Renewable Energy in Crowded 
Waters 

Organized by Jodie Toft and Mary Ruckelshaus, 
Natural Capital Project 


Green Dreams, Blue Waves, and Shades 
of Gray: The Reality of Water 

Organized by E. John Sadler, U.S. Department of 
Agriculture; Fred Vocasek, Servi-Tech Laboratories 


The National Climate Assessment: Draft 
Findings for 2013 and Sustaining the 
Process 

Organized by Emily Therese Cloyd, U.S. Global 
Change Research Program; Kathy Jacobs, Office of 
Science and Technology Policy, Executive Office of 
the U.S. President 


U.S. Climate and Weather Extremes: 
Past, Present, and Future 

Organized by Connie Woodhouse, University of 
Arizona; Gregory Wiles, The College of Wooster; 
Ester Sztein, U.S. National Academies 


Biological Science and 
Genomics 


A Decade After “Forensic Science: 
Oxymoron?”: Will There Be Real Change? 
Organized by Clifford H. Spiegelman, Texas A&M 
University 


Confluence of Streams of Knowledge: 
Biotechnology and Nanotechnology 
Organized by Elicia M.A. Maine, Simon Fraser 
University; James M. Utterback, Massachusetts 
Institute of Technology 


Dragons of the East: China’s 
Paleontological Riches 
Organized by Richard A. Stone, AAAS/Science 


Evolution of Giants: The Great Whales 

Organized by Jere H. Lipps, Cooper Archaeological 
and Paleontological Center; Nicholas D. Pyenson, 
Smithsonian National Museum of Natural History 


How Macro-Evolutionary Studies Call for 
an Extended Synthesis 

Organized by Nathalie L. Gontier, University of 
Lisbon; Emanuele Serrelli, University of Milan- 
Bicocca 


How Symbiosis, Horizontal Gene 
Transfer, and Virolution Call for an 
Extended Synthesis 

Organized by Nathalie L. Gontier, University of 
Lisbon 


Innovations in Imaging 
Organized by Amy S. Gladfelter, Dartmouth 
College 


Interfacing with the Body Using Implants 


and Prostheses 
Organized by Erin Heath, AAAS Office of 
Government Relations 


New Frontiers in Single Molecule 


Detection and Single Cell Analysis 
Organized by X. Nancy Xu, Old Dominion 
University 


Personal Genetics: An Intersection 
Between Science, Society, and Policy 
Organized by Peter Yang, Brenna Krieger, and 
Kevin Bonham, Harvard University 


Resurrected Ancestral Proteins: 


Fundamentals and Applications 
Organized by Antony Dean and Romas 
Kazlauskas, University of Minnesota 


The Architecture of the Cell Nucleus 
Organized by Gary Felsenfeld, National Institute 
of Diabetes and Digestive and Kidney Diseases 


The Invisible Revealing the Dangerously 
Beautiful 

Organized by \sabelle Boscaro-Clarke, Diamond 
Light Source 


The Science of Uncertainty in Genomic 


Medicine 
Organized by Shili Lin, Ohio State University; 
Reed E. Pyeritz, University of Pennsylvania 


Visualizing Chemistry: Seeing Another 
Dimension of Plants and Animals 
Organized by Barbara Illman, U.S. Forest Service; 
Janos Kirz, Lawrence Berkeley National Laboratory 


Cognitive, Neural, 
and Social Sciences 


Advances in Brain-Machine Interfaces: 


Applications and Implications 
Organized by Peyton West and Jennifer Wiseman, 
AAAS Dialogue on Science, Ethics, and Religion 


Breakthroughs in Our Understanding of 
Primate Cognition and Psychopathology 
Organized by Neal D. Barnard, George 
Washington University 


Computation, Computational Efficiency, 
and Cognitive Science 

Organized by Robert C. Berwick, Massachusetts 
Institute of Technology; Anna Maria Di Sciullo, 
University of Quebec, Montreal 


Evidence from Music, Fiction, and Visual 


Arts: Transfer of Learning from the Arts? 
Organized by Ellen Winner, Boston College 


The Economic Costs of Crime and Justice 


in the United States 
Organized by William Alex Pridemore, Indiana 
University 


The Elusive Common Good: What Moral 


Psychology and Neuroscience Now Tell Us 
Organized by Robert E. Fay, Westat 


Understanding Memory: The Legacy of 
Case H.M. 

Organized by Howard Eichenbaum, Boston 
University 
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Why Is Living Healthily So Difficult? 
Organized by Benedikt Herrmann and Geraldine 
Barry, Joint Research Center, European 
Commission 


Communication and Public 
Programs 


A New Social (Media) Contract for 
Science 
Organized by Elizabeth Neeley, COMPASS 


Artful Science 
Organized by John R. Jungck, Beloit College 


Creative and Participatory Methods in 
Climate Communication 

Organized by Eli Kintisch, AAAS/Science; Juliette 
N. Rooney-Varga, University of Massachusetts, 
Lowell 


Engaging Lay Publics in Museums on 
Provocative Societal Questions Related 


to Science 
Organized by Larry Bell, Museum of Science, 
Boston 


In the Eye of the Beholder: Engaging the 


Public in Societal Implications of Science 
Organized by Larry Bell and David Sittenfeld, 
Museum of Science, Boston 


New Tools to Engage Publics and Assess 


the Impact of Science Communication 
Organized by David Herring, NOAA 


Science Festivals: Grand Experiments in 
Public Outreach 
Organized by Ben Wiehe, MIT Museum 


Scientists’ Understanding of the Public 
Organized by John C. Besley, Michigan State 
University 


Synthetic Biology and Public 
Perceptions: Communication and 
Engagement 

Organized by Peyton West, AAAS Dialogue on 
Science, Ethics, and Religion; Tiffany Lohwater, 
AAAS Office of Public Programs 


The Beauty and Benefits of Escaping the 
Ivory Tower 

Organized by Dawn J. Wright, Environmental 
Systems Research Institute; Elizabeth Hadly, 
Stanford University 


Wild Weather, Climate Change, and 
Media: Communicating Science, 
Uncertainty, and Impact 

Organized by James McCarthy and Cristine 
Russell, Harvard University 


Writing About Science for the Public 
Organized by Daniel Levitin, McGill University 


Education and Human 
Resources 


Accelerating School Readiness and 
Cumulative Academic Performance: Birth 
to Age 10 

Organized by David L. Featherman, University of 
Michigan 


Animals on Exhibit 

Organized by Joe Zammit-Lucia, Artist and 
Independent Scholar; Linda Kalof, Michigan State 
University 


Benefits Beyond Beauty: Integration of 
Art into STEM Education and Research 
Organized by Rieko Yajima, AAAS Center of 
Science, Policy, and Society Programs; Gunalan 
Nadarajan, Maryland Institute College of Art 


Creating Interdisciplinary Competency- 
Based Curricula for Undergraduate 
Students 

Organized by Dee U. Silverthorn, University of 
Texas, Austin; William R. Galey, Howard Hughes 
Medical Institute 


Engaging Students in Complex Science 
Learning via Games and Simulations 
Organized by Susannah Gordon-Messer, 
Massachusetts Institute of Technology; Jody 
Clarke Midura, Harvard Graduate School of 
Education 


For Scientists and Society: A New Vision 
of Chemistry Graduate Education 
Organized by Bassam Shakhashiri, University of 
Wisconsin, Madison 


How K-12 Curriculum Reform Can and Will 
Affect University Studies 

Organized by Arthur Eisenkraft, University of 
Massachusetts, Boston 


Increasing Diversity in Science: Learning 
from Successful Program Models 
Organized by Rebecca L. Smith, University of 
California, San Francisco 


Overcoming Dualisms and Promoting 
Minority Inclusion in Science Networks 
and Pipelines 

Organized by Roberta Spalter-Roth, American 
Sociological Association 


Preparing Our Future Scientific Work 
Force to Ensure the Success of Science 
Organized by Cynthia N. Fuhrmann, University of 
Massachusetts Medical School; Bill Lindstaedt, 
University of California, San Francisco; Bruce M. 
Alberts, AAAS/Science 


Science After School: Scientists Inspire 
the Next Generation Outside of the 
Classroom 

Organized by Carol M. Tang, Coalition for Science 
After School; Elizabeth Stage, University of 
California, Berkeley 


The 25th Anniversary of the First 
Collection in the History of Women in 
Science 

Organized by Pnina G. Abir-Am, Brandeis 
University; Joy Harvey, Independent Scholar 


Undergraduate Science Education at 

a Crossroad: Responding to Research 
Findings 

Organized by Jay B. Labov, U.S. National Academy 
of Sciences; Susan Singer, Carleton College; 
Martin Storksdieck, U.S. National Research 
Council 


Where and How Are Research and 
Innovation Fostering Job Creation? 
Organized by Florent Bernard, European 
Commission 


Environment and Ecology 


A50 Year Legacy: Why does Rachel 
Carson Matter? 

Organized by Gregg Zachary and Jane 
Maienschein, Arizona State University 


A Science and Art Interface: Geographic 
Information Systems and Remotely 
Sensed Images 

Organized by Daniel Griffith, University of Texas, 
Richardson; Ren Vasiliev, State University of New 
York, Geneseo 


Building Resilience of Coastal 
Communities to Environmental and 
Institutional Shocks 

Organized by Richard Pollnac, University of Rhode 
Island; Joshua E. Cinner, James Cook University 


Converging on Climate Change: From 
Middens to Models, the Savannah to 
Snefellsjokull 

Organized by Samantha Christey, European 
Research Council 


Environmental Challenges and 
Adaptation in Cities 

Organized by Matthias Ruth, University of 
Maryland 


Finding the Fault: Sampling the Source of 
the Mg.o Tohoku Earthquake 

Organized by Charna Meth, Consortium for Ocean 
Leadership 


Indigenous and Western Science: 
Collaborating for Better Research and 
Education 

Organized by Patricia B. Campbell, Campbell- 
Kibler Associates 


New Dimensions of Biodiversity Science 
and Application 

Organized by Julia K. Parrish, University of 
Washington; Sandy J. Andelman, Conservation 
International 


To browse the updated program, register, and reserve hotel rooms, visit www.aaas.org/meetings. 
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Partners for the Earth: Scientists and 
Religious Groups Working for the 


Environment 
Organized by Jennifer Wiseman and Peyton West, 
AAAS Dialogue on Science, Ethics, and Religion 


Spatially Distributed Environmental 
Factors and Health Effects 
Organized by Katherine B. Ensor, Rice University 


The Toxicological Impact of the Gulf of 
Mexico Oil Spill on Human and Wildlife 
Health 

Organized by John Pierce Wise, University of 
Southern Maine; R. Joseph Griffitt, University of 
Southern Mississippi 


Global Perspectives and 


Issues 


A Tale of Two Networks: Connecting the 
African Drylands, Rio de Janeiro, and 
Women 

Organized by Marcelo Vinces, AAAS Science 

and Technology Policy Fellow, National Science 
Foundation; Riju Srimal, AAAS Science and 
Technology Policy Fellow, National Institutes of 
Health; Gillian Bowser, Colorado State University 


Bridging the Gap Between Global 
Environmental Change Research and 
Development 

Organized by Timothy L. Killeen, National Science 
Foundation; Erika von Schneidemesser, AAAS 
Science and Technology Policy Fellow, National 
Science Foundation 


Future Earth: International Coordination 
of Research for Global Sustainability 
Organized by Roberta Quadrelli, Julie DeMeester, 
and Anne-Sophie Stevance, International Council 
for Science 


Global Food Security in Relation to 
Climate, Population, Technology, and 
Earth Changes 

Organized by Alfred M. Powell and Felix Kogan, 
NOAA 


Lead: The Global Poison — Humans, 


Animals, and the Environment 
Organized by Mark A. Pokras, Tufts University; 
Ronnie Levin, U.S. Environmental Protection 
Agency 


Measurement of Economic and Social 
Impacts of Science and Technology 
Investments 

Organized by Yuko Ito and Aska Takeshiro, 
National Institute of Science and Technology 
Policy, Japan 


Networks of Discovery: Delivering 
Unsurpassed Insight into Changing 
Global Ecosystems 

Organized by Kristen Milligan and Joe A. Tyburczy, 
Oregon State University 


Science from the International Space 
Station 

Organized by Julie A. Robinson, NASA Johnson 
Space Center; Christopher L. Martin, Oberlin 
College 


Smart Phones, Smart Devices, Social 
Networks, and Smart Health Care 
Organized by Vinton Cerf, Google Inc.; Ram 
Sriram, National Institute of Standards and 
Technology 


The Invisible Beauty: How Security 
Research Helped in Real Life, but Nobody 


Noticed 
Organized by Stephan Lechner, Joint Research 
Center, European Commission 


The Role of Higher Education in Science 
Diplomacy: Possibilities and Potential 
Pitfalls 

Organized by Elizabeth E. Lyons, U.S. Department 
of State 


Unreasonable Usefulness of Test-Ban 
Verification for Disaster Warning and 
Science 

Organized by Annika Thunborg, Preparatory 
Commission for the Comprehensive Nuclear-Test- 
Ban Treaty Organization 


Health and 


Pharmaceutical Science 


Clinical Trial and Error: Beauty and the 
Beast 

Organized by Aidan Gilligan, SciCcom—Making 
Sense of Science; Thomas Hartung, Johns Hopkins 
University 


Control Engineering of Brain in Health 


and Disease 
Organized by Steven J. Schiff, Mauricio Terrones, 
and Alok Sinha, Pennsylvania State University 


Cultivating the Science and Scientists 
for 21st Century Drug Discovery and 
Development 

Organized by Alice Clark, University of Mississippi 


Engineering the Nervous System: 
Solutions to Restore Sight, Hearing, and 
Mobility 

Organized by Sanna Fowler, Ecole Polytechnique 
Fédérale, Lausanne 


Monitoring and Assuring the Quality of 
Essential Medicines 

Organized by Gaurvika Nayyar and Joel Breman, 
National Institutes of Health 


Multi-Scale Study of Cancer 
Organized by Mark Alber, University of Notre 
Dame; Jill PR. Mesirov, Broad Institute of 
Massachusetts Institute of Technology and 
Harvard University 


Pathways to Health Equity for Aboriginal 
Peoples 

Organized by Daniéle St-Jean, Canadian Institutes 
of Health Research 


Scientific Advances and New Strategies 
for Reconstruction of Oral and Facial 


Tissues 

Organized by Paul Krebsbach, University of 
Michigan; Barbara D. Boyan, Georgia Institute of 
Technology 


Stem Cell-Based Bioartificial Tissues and 


Organs 
Organized by Sabina Bossi, Karolinska Institute 


Stroke Research: New Concepts and 


Innovative Solutions 
Organized by Ruxandra Draghia-Akli and Virginija 
Dambrauskaite, European Commission 


The Benefits of Randomized Experiments 


for Science and Society 
Organized by Daniel McCaffrey, RAND Corp. 


Materials Science and 
Chemistry 


Attosecond Science in Chemical, 
Molecular Imaging, Spintronics, and 
Energy Science 

Organized by Andre D. Bandrauk, University of 
Sherbrooke; Margaret M. Murnane, University of 
Colorado, Boulder 


Nucleic Acid Nanotechnology 
Organized by Andrew D. Ellington, University of 
Texas, Austin 


Quantum Sensors: Toward the Ultimate 
Limits 

Organized by Martin Laforest, University of 
Waterloo 


Remembering Galileo: Lithium lon 
Batteries, Atomic Clocks, and Other 


Stories 
Organized by Carlos Saraiva Martins, European 
Commission 


Surprises at the Frontier of the Periodic 
Table: Novel Paradigms in Actinide 
Science 

Organized by Geraldine Barry and Roberto 
Caciuffo, Joint Research Center, European 
Commission 


Translation of Mussel Adhesion to 


Beneficial New Concepts and Materials 
Organized by Herbert Waite and Alison Butler, 
University of California, Santa Barbara 


Watching Atoms Move: From Structures 
to Dynamics to Mesoscale Processes 
Organized by Eric Stach, Brookhaven National 
Laboratory; Donald Baer, Pacific Northwest 
National Laboratory 


Physical Sciences 


Beauty and the Beast: Supersymmetry 
and the Dark Matter in the Universe 
Organized by Maria Spiropulu, California Institute 
of Technology 
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Compressive Sensing: Sensing Sparse 
Phenomena in Theory and Practice 
Organized by Mark Davenport, Georgia Institute 
of Technology; Emmanuel Candés, Stanford 
University 


Exploring Other Worlds and Seeing Our 
Own Anew 
Organized by Samuel P. Kounaves, Tufts University 


How Fundamental Computing Research 


Touches Everyday Lives 
Organized by Andrew Bernat and Erwin P. 
Gianchandani, Computing Research Association 


Is Beauty Truth? Mathematics in Physics 
from Dirac to the Higgs Boson and 
Beyond 

Organized by Thomas }. Kelleher, Basic Books 


Mathematics of Tipping Points: 
Framework, Applications, and Prediction 
Organized by Mary Silber, Northwestern 
University; Mary Lou Zeeman, Bowdoin College 


Neutrinos: Nature’s Smallest Surprises 
Organized by Janet Conrad, Massachusetts 
Institute of Technology 


Predictability: From Physical to Data 
Sciences 

Organized by Albert-Laszlo Barabasi, Northeastern 
University 


Predictive Model of the Internal 


Combustion Engine 
Organized by Nils Hansen and Ahren Jasper, 
Sandia National Laboratories 


The Beauty and Utility of Scientific 
Images 

Organized by Kartik Sheth, National Radio 
Astronomy Observatory; Margaret Meixner, Space 
Telescope Science Institute 


The Higgs Boson: Past, Present, and 
Future 

Organized by James Gillies, European Organization 
for Nuclear Research (CERN) 


The Mirror World of Antiatoms and 
Antimolecules 

Organized by Charles W. Clark, Joint Quantum 
Institute; Michael J. Brunger, Flinders University 


Tiny But Mighty: Neutrinos and the New 
Frontiers of Science 

Organized by Katie Yurkewicz, Fermi National 
Accelerator Laboratory 


Understanding the Universe Through 
Images of the Cosmic Microwave 
Background 

Organized by Asantha Cooray, University of 
California, Irvine 


What’s Hot in Cold 
Organized by Charles W. Clark, Joint Quantum 
Institute 


Worldwide Progress Toward Fusion 
Energy 

Organized by Ned R. Sauthoff, Oak Ridge National 
Laboratory 


Public Policy 


Advanced Manufacturing: Today, 
Tomorrow, and Beyond 

Organized by Stephanie Shipp, Science and 
Technology Policy Institute 


Can Exposure Science Quell the 
Furor over Environmental Endocrine 
Disruption? 

Organized by Justin G. Teeguarden, Pacific 
Northwest National Laboratory 


Capturing “Complicated Duality”: 
Evaluating the Outcomes and Impacts of 
Science 

Organized by Julia E. Melkers, Georgia Institute of 
Technology 


Coal, Communities, Commerce, and 
China: A Nexus for the Sciences and 
Public Policy 

Organized by Donna Gerardi Riordan, DGR 
Strategies 


Convergence of Physical, Engineering, 
and Life Sciences: Next Innovation 
Economy 

Organized by Larry A. Nagahara, National Cancer 
Institute 


Effective Science for Community 
Adaptation to Climate Change 
Organized by Thomas Webler, Social and 
Environmental Research Institute 


Getting What We Pay For: Incentives, 
Peer Review, and Conservatism in 
Science 

Organized by P. Kyle Stanford, University of 
California, Irvine 


Predicting Major Events and Planning for 
Hazards: An Art or Science? 

Organized by Julia Wilson, Sense About Science; 
Albert Yuan, San Lian Life Weekly 


Promoting Collaborative, Policy-Relevant 
Science: Learning from Fulbright 
Organized by Patrick Feng, University of Calgary; 
Walter E. Baethgen, Columbia University 


Role of Science in the American 
Democracy: Roots, Tensions, and Paths 
Forward 

Organized by Peter Frumhoff and Pallavi Phartiyal, 
Union of Concerned Scientists; James McCarthy, 
Harvard University 


Tales of the Unexpected: How Science 
Advisers Manage Uncertainty 
Organized by Geraldine Barry, Joint Research 
Center, European Commission 


The Beauty, Benefits, and Challenges of 
Transformative Research 

Organized by Bhavya Lal, Science and Technology 
Policy Institute; Edward J. Hackett, Arizona State 
University 


The Science of Politics 
Organized by Barbara Jasny, AAAS/Science; David 
Lazer, Northeastern University 


Toward Bridging the Duality of 

Science: Seed-Push, Issue-Driven, or 
“Encounter”? 

Organized by Tateo Arimoto, National Graduate 
School for Policy Studies, Japan; Chikako Maeda, 
Japan Science and Technology Agency; Yuko 
Harayama, Organization for Economic Cooperation 
and Development 


Understanding and Communicating 
Uncertainty in Climate Change Science 
Organized by Richard L. Smith, University of North 
Carolina, Chapel Hill 


Sustainability and 


Resource Management 


From Promise to Proof: How Ecosystem 
Service Science Is Transforming Real 
Decisions 

Organized by Karen L. McLeod and Erica Goldman, 
COMPASS; Heather Tallis, Natural Capital Project 


Getting to Global Ecological 
Sustainability: Climate and Small-Planet 
Ethics 

Organized by Kai Ming A. Chan and Paige 
Olmsted, University of British Columbia 


Global Health and Environmental 
Impacts of E-Waste Recycling 

Organized by Erica L. Dahl, SafeBridge 
Consultants Inc.; Bruce A. Fowler, ICF International 


Is the Future of Conservation at a 
Crossroads? 

Organized by Jennifer Howard, AAAS Science and 
Technology Policy Fellow, NOAA; Colin F. Quinn, 
NOAA 


Socio-Hydrology: Co-Evolution and Future 


of Human-Water Resource Systems 
Organized by Veena Srinivasan, Pacific Institute 


Sustainable Chemical Manufacturing in a 
Resource-Limited World 

Organized by Susannah Scott, University of 
California, Santa Barbara 


Water Purification and Monitoring Under 
Minimal Resource Setting 

Organized by Sushanta Mitra and Thomas 
Thundat, University of Alberta; Ni-Bin Chang, 
University of Central Florida 


What Are the Roles of Knowledge 
Institutions in Sustainability? 

Organized by David D. Hart, University of Maine; 
Lewis Gilbert, University of Minnesota, Saint Paul; 
Margaret A. Palmer, National Socio-Environmental 
Synthesis Center 


What Is Science’s Role in Developing 
Aquaculture as a Sustainable Use of the 
Ocean? 

Organized by Paul A. Sandifer, NOAA; Barry Costa- 
Pierce, University of New England; Michael Rust, 
NOAA 


To browse the updated program, register, and reserve hotel rooms, visit www.aaas.org/meetings. 
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Registration Housing = 
Discounted advance registration rates are available until Special room rates and travel benefits are available to fat 


Monday, 21 January 2013. 


Take advantage of unlimited access to all symposia, 


Annual Meeting registrants. 
Sheraton Boston Hotel 


seminars, topical lectures, plenary events, career workshops, Rate: $205 single/double 


the Exhibit Hall, and a variety of networking opportunities. 


Professional 
$295 Member/ $375 New Member/ $399 Non-Member 


Postdoc 
$235 Member/ $315 New Member/ $335 Non-Member 


K-12 Teacher 
$235 Member/ $315 New Member/ $355 Non-Member 


Emeritus 
$235 Member/ $315 New Member/ $355 Non-Member 


Student 
$60 Member/ $70 New Member/ $90 Non-Member 


After 21 January 2013, on-site rates apply. 
For more information, visit www.aaas.org/meetings 


i 


Hilton Back Bay 
Rate: $197 single/ $207 double 


Boston Marriott Copley Place 
Rate: $192 single/ $208 double 


Rooms are available on a first-come, first-served basis 


until 21 January 2013. 
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ScienceCareers.org and click 
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our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 
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Phone: 202-326-6577 


Allyson Rosen 
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Phone: 202-326-6578 


Marci Gallun 
Sales Administrator 
Phone: 202-326-6582 
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Phone: 202-312-6375 
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E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 
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Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


APAN 


Yuri Kobayashi 
Phone: +81-50-3696-5100 
E-mail: ykobayas@aaas.org 


CHINA & TAIWAN 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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SON NAVAL RESEARCH LABORATORY 
_ 2 Superintendent, Materials Science and Technology Division 
b/s} www.nrl.navy.mil 
<iaiaerot € Senior Executive Service Career Opportunity 
ES-806, 1301, or 1310: $119,554 to $179,700 per annum* 
*Actual salary may vary depending on the scope and complexity of the position and the qualifications and 
current compensation of the selectee. 
Become a member of an elite research and development community involved in basic and applied 
scientific research and advanced technological development for tomorrow’s Navy and for the Nation 


The Superintendent of the Materials Science and Technology Division located at the Naval Research Labora- 
tory, Washington, DC, is responsible for the oversight of approximately 172 employees (including govern- 
ment, contract and post doctorate fellows), most of whom are professional scientists and engineers. The 
Division consists of: the Multifunctional Materials Branch, the Materials and Sensors Branch, The Center 
for Computational Materials Science, and the Special Projects Group. Division research is at the frontiers 
of materials science and technology and encompasses the intrinsic behavior of metals, alloys, ceramics, 
glasses, and composites and their performance and reliability in Naval structures and devices. The ultimate 
goal is to provide materials knowledge that enables new and/or improved military performance that lead to 
transformational capabilities. The Division has an annual budget of over $38 million. 


The Superintendent is responsible for: 
Technical and administrative management of a broad program of highly sophisticated basic and applied 
research and exploratory and advanced development of materials; and technical management of industrial 
contract programs which provide new and improved materials for new weapons systems; 
Overall planning and direction of a coordinated research and development program related to materials 
science designed to meet the present and future needs of the Navy; 
Obtaining support for work of the various Division programs, stimulating interest and activity on the part 
of the Division personnel, and providing creative thinking, suggestions and judgments with respect to 
major research encountered; 
Acting as principal consultant to the Navy, other agencies and nations on the science and developing 
applications for the research programs under his/her cognizance. 
Applicants should be recognized as national/international authorities and should have planned and executed 
difficult programs of national significance that show outstanding attainment in the field of materials science. 
For information regarding this vacancy and specific instructions on how to apply, go to www.usajobs.gov 
and enter the following announcement number: NW2XXXX-00-752920K9464770-S. The announcement 
closes on 30 November 2012. Contact Ginger Kisamore at ginger.kisamore@nrl.navy.mil if you need 
additional information. E-mailed resumes cannot be accepted. 
NRL is an Equal Opportunity Employer 


NRL» 4555 Overlook Ave SW, Washington DC 20375 


Research Scientist 
(Molecular Catalysis) 
Division: Chemical Sciences 


CAREER Running 
TRENDS Your Lab 


The Joint Center for Artificial Photosynthesis 
(JCAP) will focus onthe development of molecularly 
designed, inorganic catalysts for electrocatalytic 
water splitting. JCAP is a Solar Fuels Innovation 
Hub recently funded by the Department of Energy 
(122 M, 5 years) with physical location at the 
sites of its major partners, Caltech (South) and 
Lawrence Berkeley National Laboratory (North). 
The researcher will take major responsibility for 
the synthetic and catalyst evaluation efforts in 
the Molecular Catalysis Project located at JCAP 
North Site. 


For a Molecular Catalysis Chemist, this 
position offers a unique opportunity for an 
early career researcher to assume a key role 
at the inception of the JCAP research effort in 
development of efficient electrocatalysts for 
artificial photosynthesis. Anticipated activities 
involve novel synthetic approaches, including 
those based on molecular design and precursor 
chemistry, for targeting novel catalytic structures 
such as inorganic clusters, nanostructures, 
and stabilized, surface-bound catalytic centers. 
Significant effort will also involve electrochemical 
studies for the evaluation of new catalysts, and for 
characterizations of active catalytic centers and 
catalytic mechanisms. 


booklets 
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For more information about this position and 
to apply online, visit http://go.Ibl.gov/75229 and 
follow the instructions to complete 
the application process. 
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diverse workforce. many 


TEXAS TECH UNIVERSITY 
HEALTH SCIENCES CENTER,,, 
Senior Vice President for Research 


GENERAL SUMMARY: Texas Tech University Health Sciences Center (TTUHSC) invites nominations and applications for the position of 
Senior Vice President for Research. TTUHSC is a member of the Texas Tech University System which also includes Texas Tech University in 
Lubbock and Angelo State University in San Angelo. The Senior Vice President will serve as the chief administrative officer responsible for all 
research enterprises at the TTUHSC campuses located in Lubbock, Amarillo, Abilene, El Paso, Dallas, Midland and Odessa. Reporting directly to 
the President of TTUHSC, the Senior Vice President will actively promote the research enterprises of TTUHSC within the Texas Tech University 
System as well as champion its research mission at both the state and national level. This individual will be the principal architect for strengthening 
and growing the research enterprise of TTUHSC. 


KEY RESONSIBILITIES 

Oversees the overall research program and infrastructure of TTUHSC. 
Develops, together with university faculty engaged in research, a strategic plan for growing and enhancing the quality, visibility, and impact 
of basic, translational, and clinical research conducted within the university. 
Oversees the budget for the Office of Research and component functions as well as funds/resources for the development of research efforts 
on all campuses. 
Expands and strengthens the basic and clinical research enterprise at TTUHSC, particularly focusing on faculty hiring, strategic investments 
in facilities and space, and increasing external research funding from national, state and local sources. 
In close coordination with the Texas Tech University (TTU) Senior Vice President for Research, grows and explores strategic research 
collaborations between the two institutions. 
Works closely with the TTU Vice Chancellor for Research, Commercialization and Federal Relations and the TTUHSC Assistant Vice Chancellor 
for Institutional Development in identifying, establishing, and maintaining collaborations with external stakeholders such as corporations, 
government officials, and foundations that will provide support for basic, translational, and clinical research and commercialization at the 
university. 
Provides supervision for the Research Integrity Office (RIO), responsible for ensuring compliance with agency guidelines; Office of Sponsored 
Programs (OSP) review and approval of proposals for extramural funding and the acceptance of extramural grants for research, training and 
services; responsible for the Laboratory Animal Research Center (LARC) including maintenance and health of animals used in research. 
Responsible for reporting compliance issues to federal agencies for activities related to the Institutional Review Board (IRB), Institutional 
Animal Care and Use Committee (IACUC), and financial conflicts of interest in research. 
Actively enhances the visibility of university research and provides external agencies, corporations and foundations with information on the 
research, training and service capabilities of the university. 

. Provides administrative oversight in implementing the university’s agreements with state and federal agencies, corporations, and foundations 
in the conduct of research and development activities. 

. Provides recommendations, leadership and management of proposals for large-scale research activities such as university-wide research and 
pilot centers, centralized research facilities, interdisciplinary research programs and inter-institutional research agreements. 

. Leads efforts to develop and stimulate participation in activities that encourage interaction between the university and the private sector. 

. Encourages and assists faculty and other university personnel in developing opportunities for patents, licensing and commercialization. 

. Promotes research integrity and responsibility and ensures that all university personnel adhere to regulations, policies, procedures, and strict 
standards of ethical conduct in planning, conducting and reporting research and scholarly activity. 

. Serves on the President’s Executive Council. 

. Undertakes additional assignments in research affairs at the direction of the president. 

. Advises the president on strategic plans for development and renovation of research space. 


MINIMUM QUALIFICATIONS: The successful candidate for Senior Vice President for Research must have a PhD and/or MD degree with 
academic credentials for appointment to the rank of full professor; work experience that demonstrates a successful and continuous record of 
scholarship and success in obtaining federal peer-reviewed funding for research; outstanding achievement in developing and managing a diverse 
staff; a commitment to quality and integrity; engaging interpersonal and public communication skills; and a demonstrated record of significant, 
successful administrative experience in higher education, including actual experience in research administration. Experience as a chair, vice-chair, 
division director, etc., preferred. Demonstrated knowledge of indirect costs, effort reporting, responsible conduct of research, federal and state 
regulations relating to grants, human and animal use in research required. 


Nominations and applications will be received until the position is filled. Applications should include: curriculum vitae; statement summarizing the 
relevant credentials of the candidate; and complete contact information for at least three professional references. All materials should be submitted 
electronically. TTUHSC is committed to diversity and encourages nominations and applications from all qualified individuals. Application should 
be made through TTUHSC’s website (http://jobs.texastech.edu/postings/48499). Confidential requests for information and nominations should 
be directed to: 


Matthew B. Grisham, PhD. 
Chair, Search Committee for the Senior Vice President for Research 
c/o Ms. Alicia Gauna 
Department of Immunology and Molecular Microbiology 
Texas Tech University Health Sciences Center 
3601 4" Street STOP 6591 
Lubbock, TX 79430-6591 
806-743-2414 
alicia.gauna@ttuhsc.edu 


TTUHSC is an Equal Opportunity/Affirmative Action Employer. 
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BIOCHEMISTRY 
ASSISTANT PROFESSOR 
CALIFORNIA STATE UNIVERSITY 
FULLERTON 


The Department of Chemistry and Bio- 

chemistry, California State University 

Fullerton, http://chemsrvr2.fullerton.edu/ 

employment.asp invites applications for a full- 

time tenure-track Assistant Professor position 
to begin in August 2013. Applicants shall have a Ph.D. in biochemistry 
or a related field as well as relevant postdoctoral experience. We are 
particularly interested in candidates whose research complements the 
department’s existing research programs or further expands opportunities 
at the interface of chemistry and biology. The candidates will be expected 
to maintain an active, externally funded research program involving under- 
graduate and MLS. students, and be committed to excellence in teaching 
and mentoring a diverse student population. 


Please submit the following required application materials as pdf docu- 
ments to biochem-search@fullerton.edu: (a) cover letter, (b) curriculum 
vitae, (c) a statement of teaching philosophy and experience that addresses 
teaching diverse populations (3 page limit), (d) a statement of research 
plans that addresses projects to engage undergraduate and MS. students 
and strategies to obtain funding (3 page limit), (e) reprints of relevant 
peer-reviewed publications, (limit of 3), and (f) names and contact infor- 
mation for 3 individuals who will send letters of recommendation. The 
recommenders are required to directly send a signed letter on official 
letterhead either via email to biochem-search@fullerton.edu or by mail 
to Chair, Biochemistry Search Committee, Department of Chemistry 
and Biochemistry, California State University, Fullerton, CA 92834- 
6850. Review of applications will begin December 15, 2012, and continue 
until suitable candidate(s) are appointed. Position #23603G-13-032. 


See full job announcement http://diversity.fullerton.edu/jobs/ft/ 
ChemBioChemTT.asp 


Cal State Fullerton is an Equal Opportunity/title IX/503/504/VEVRAA/ 
ADA Employer. 
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FACULTY POSITION 
CENTER FOR VACCINES AND IMMUNITY 


The CENTER FOR VACCINES AND IMMUNITY at The Research Institute 
at Nationwide Children’s Hospital and The Ohio State University Department 
of Pediatrics is seeking PhD, MD or MD/PhD candidates for a tenure-track 
position at the Associate or Professor level. The successful candidate will 
have an established, independent research program on virus infections of 
the human respiratory tract. Research on innate or humoral immunity is 
preferred to complement existing NIH-funded programs on the immunology 
and virology of viral and polymicrobial respiratory tract infections. Research 
on respiratory tract infections in the Center for Vaccines and Immunity is 
supported by a close working relationship with the Infectious Diseases 
Division of Nationwide Children’s Hospital including access to large patient 
populations for translational studies and a special infectious diseases unit 
dedicated to facilitating patient identification and recruitment. The Center has 
a facility that produces well differentiated human airway epithelial cultures. 
The Institute has an AAALAC-accredited vivarium with expertise in animal 
infection, particularly rodent and non-human primates and provides state-of- 
the-art core services for flow cytometry, bioinformatics, morphology, viral 
vector production, genomics, ES cell, transgenic and small animal imaging. 
The OSU campus provides many other cores. 


Start-up support and joint appointments within OSU graduate departments and 
with clinical divisions at Nationwide Children’s Hospital are available. For 
more information, please visit our website at http://www.nationwidechildrens. 
org/center-for-vaccines-and-immunity 


Send curriculum vitae with contact information for three references to: 
Mark.Peeples@nationwidechildrens.org 


The Ohio State University is an Equal Opportunity, Affirmative Action 
Employer. Women, minorities, veterans, and individuals with disabilities 
are encouraged to apply. 


PHASES R APY ( Pa bi ) 


Interdisciplinary Research Center of Biology and Chemistry 
(IRCBC) - Exciting Biomedical Research Career Opportunity 
in Shanghai, China 


The Interdisciplinary Research Center on Biology and Chemistry (IRCBC), 
the Chinese Academy of Sciences, Shanghai, is an exciting new collaborative 
research center in China in collaboration with the Shanghai Institute of 
Materia Medica and the Shanghai Institute of Organic Chemistry. The 
vision of IRCBC is to bring outstanding biologists and outstanding chemists 
to work side-by-side at the interface of biology and chemistry using tools 
of chemistry, cell biology, molecular biology, proteomics, bioinformatics 
and genomics to address the most interesting and important biological 
questions that are relevant to neurological and neurodegenerative diseases. 
The IRCBC offers long-term stable support for research (¥2-3 million per 
year), highly competitive salary (upto ¥600,000 per year), benefits and 
generous housing allowance, new laboratory space and state-of-art core 
facilities. The IRCBC invites applications from outstanding candidates 
from all stages of career, especially junior investigators who are looking 
for their first independent research opportunities, to apply for one of the 
two career tracks: Principle Investigators (PI), who will run independent 
research laboratories; or Technology Specialists (TS), who will run the 
platform technology facilities. 


The IRCBC is seeking applicants with expertise in following areas: 
Cellular and molecular biology; Proteomic and mass spectrometry; Chemical 
biology; Medicinal chemistry; Bioinformatics; Cellular neurobiology; 
Electrophysiology; Vertebrate and invertebrate animal models of 
neurological and neurodegenerative diseases; Behavioral neurobiology; 
Structural biology; Genomics. 


Please submit a curriculum vitae with links to representative publication 
in the PubMed, one-page description of current research program and 
accomplishments, two-page description of future plans with relevance 
to neurological and neurodegenerative diseases and the names of three 
references by email to“IRCBC@mail.shenc.ac.cn”. 


Applications will be accepted until the positions are filled. Reviews of 
applications will begin in September 2012. 


AAAS is here —- 


bringing educational 
infrastructure to the 
developing world. 


AAAS is helping the Rwandan 
government rebuild its educational 
infrastructure as a way to help drive 
economic growth and development. 
By providing materials such as 

the Project 2061 Atlas of Science 
Literacy, lesson plans from Science 
NetLinks, and access to Science 
digital libraries, AAAS is helping 
the people of Rwanda work toward 
a future built around science and 
technology. As a AAAS member 
your dues support these efforts. 

If you’re not yet a AAAS member, 
join us. Together we can make a 
difference. 


To learn more, visit 
aaas.org/plusyou/rwanda 
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WASHINGTON STATE UNIVERSITY 
G HEALTH SCIENCES 


FACULTY POSITIONS 
MEDICAL SCIENCES 


Washington State University Division of Health Sciences, located on the 
Riverpoint campus in Spokane, invites applications for two tenure-track 
faculty positions at the rank of Assistant or Associate Professor and one at the 
rank of Professor in its new Medical Sciences section. Applicants must have 
an advanced degree (Ph.D. or M.D. or equivalent) in the basic, clinical, or 
translational medical sciences and a track record of scholarly accomplishments. 
Successful candidates will be expected to maintain an active, extramurally 
funded research program, to mentor graduate students and fellows, and to 
teach in the professional and/or graduate curricula. The successful candidate 
for the Professor position will additionally be expected to take a leadership 
role in rapidly expanding medical research in Spokane, including recruitment 
of faculty and programmatic development. 


Areas of research interest are open, but key areas of planned growth in the pro- 
gram include molecular, cellular, physiological and systems biology approaches 
to: neurosciences/behavioral neurosciences (sleep, addictions, pain, anesthesia), 
senescence and immortality (stem cells, cancer, aging, regenerative medicine), 
microbiology (antimicrobial resistance, virology), and metabolic diseases (obe- 
sity, diabetes, renal and cardiovascular disease). Washington State University is 
substantially building its research and graduate education capacity in the medical 
sciences. The Medical Sciences section also participates in preclinical medical 
education in the WWAMI program, which is a collaborative medical education 
program with the University of Washington School of Medicine. 


Screening of applications will begin immediately and will continue until a suit- 
able candidate is identified. To apply visit: www.wsujobs.com. Applications must 
include a current curriculum vitae and letter of application describing profes- 
sional goals, research, and teaching experience. Before interviews commence 
four letters of reference will be required. Contact Kim Noe, Administrative 
Manager, at knoe@wsu.edu or 509-358-7515 for questions, assistance with 
the application process or confidential expressions of interest. 
Women and minorities are particularly encouraged to apply. Washington 
State University Is An Equal Opportunity/affirmative Action 
Educator And Employer. 


Faculty Positions in 
Biochemistry and other disciplines available for 2013 


The College of Osteopathic Medicine of the Pacific — Northwest (COMP-Northwest) 
inaugurated its first class of physicians-in-training in Lebanon, Oregon in Fall, 2011. As 
he newest expansion of Western University of Health Sciences in Pomona, California 
COMP-Pomona), we have established a thriving center for medical education and 
human health care in Oregon. 


A major responsibility of the Department of Basic Medical Sciences is to provide 
preclinical education for first and second-year students in COMP. Our current initiative 
is to add instructional and research strength within the discipline of Biochemistry. This 
is a 12-month, tenure-track appointment at the Assistant/ Associate/ or Full Professor 
rank depending upon qualifications. Successful candidates will join a large intercampus 
aculty in Basic Medical Sciences and be located at the new campus in Lebanon, Oregon. 
Applicants must have a Ph.D. in Biochemistry and at least two years of postdoctoral 
experience. Similar positions in microbiology and pharmacology are also available at both 
he Lebanon, OR and Pomona, CA campuses. Preference is given to effective educat 
with a record of excellence in teaching, significant scholarly activity and strong potential 
or independent grant-supported research. Submit a current curriculum vitae and a cover 
etter describing your teaching experience, research activity and goals. Please include 
contact information for at least three references. These positions will remain open 

ntil filled. 


Nissar A. Darmani, PhD 

Associate Dean for Basic Sciences and Research 
Department of Basic Medical Sciences 

College of Osteopathic Medicine of the Pacific 
Western University of Health Sciences 

309 E. Second Street, Pomona, CA 91766-1854 
Email Address: ndarmani@westernu.edu 


Western University of Health Sciences is an equal opportunity employer. 


Laboratory of 


M RC Molecular Biology 


Cambridge, UK 
Programme Leaders in Neurobiology 


Coinciding with the move of the MRC Laboratory of Molecular 
Biology (LMB) into a new state-of-the-art research building from 
January 2013 (http://www2.mre-Imb.cam.ac.uk/about-Imb/new- 
building), the Division of Neurobiology wishes to recruit talented 
scientists interested in developing an independent programme of 
research. We are particularly interested in individuals working in the 
area of molecular/cellular neurobiology or neurodegeneration. Current 
interests in the Division include mechanisms of synaptic transmission, 
protein misfolding in relation to neurodegenerative diseases, visual 
and olfactory processing and circadian rhythms (www2.mre-lmb. 
cam.ac.uk/NB/). Scientific excellence and potential for major impact 
are paramount. Synergy with existing research programmes would 
be an advantage. 


The LMB provides an excellent environment for hands-on research. 
Core-funding by the Medical Research Council provides long-term 
support for ambitious projects, while administrative duties are minimal 
and no teaching is required. Interactions across the four Divisions 
of the Laboratory are encouraged. There is extensive central support, 
including electronic and instrumentation workshops, imaging and 
transgenic mouse facilities. The University of Cambridge and affiliated 
institutions form a vibrant Neuroscience community (http://www. 
neuroscience.cam.ac.uk/). 


Candidates should have a PhD and/or MD and will have completed a 
period of postdoctoral training or equivalent, with an excellent track 
record, and show outstanding potential for independent research. The 
successful candidate will lead a small team and substantial funding 
will be available. 


These appointments will be made at either Programme Leader-track or 
Programme Leader level, depending on achievements and experience. 
Programme Leader-track appointments will be made for those who 
demonstrate the potential to develop into Programme Leaders within 
six years. Candidates for Programme Leader positions should have a 
strong international track record of relevant independent research and 
a proven ability to lead a research team, pursuing original approaches 
to long-term research goals. Salaries are competitive (Programme 
Leader-track £35,935-£48,000 per annum; Programme Leader 
£45,213-£70,000 per annum). 


These positions will remain open until they are filled; applications 
received by 30th November 2012 will be given priority. 


Informal enquiries can be addressed to Michel Goedert (mg@mrc- 
Imb.cam.ac.uk). 


Applications should include a covering letter and full CV, an 
outline of current research interests (1 page) and a proposal for 
future research (up to 2 pages), along with the names and addresses 
of three professional referees who have agreed to be contacted 
prior to interview. Applications are handled by the RCUK Shared 
Services Centre; to apply please visit our job board at http://www. 
topcareer.jobs/Vacancy/irc69837_2430.aspx. If you are unable to 
apply online please contact us on 01793 867003 quoting reference 
IRC69837. 


This position is subject to pre-employment screening. 
For further information about the MRC visit www.mrc.ac.uk 
The Medical Research Council is an Equal Opportunities Employer 
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Science Caree rs is the forum Science Careers is dedicated to opening new doors and 
answering questions on career topics that matter to you. 


that aANSWers q uestlo ns. With timely feedback and a community atmosphere, our 


careers forum allows you to connect with colleagues and 
experts to get the advice and guidance you seek as you 
pursue your career goals. 


Science Careers Forum: 
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Visit the forum and join 


the conversation today! Your Future Awaits. 
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Herchel Smith Postdoctoral 


| UNIVERSITY OF MICHIGAN, ANN ARBOR Research Fellowships 


The Department of Materials Science and Engineering in the College Academic Division 

of Engineering of the University of Michigan invites applications for a £27,578 - £35,938 pa 
tenured full professor position with the administrative responsibility eb : F , . 
of the Department Chair. The Chair will provide leadership for the Limit of tenure: Funding is available for a maximum 
department and make sustained contributions to instructional and period of three years 

research programs of the department. The department has 25 
tenured and tenure-track faculty members, 3 research professors, The Managers of the Herchel Smith Postdoctoral Research Fellowships 
15 joint-appointed faculty, 145 undergraduate students, and 138 Fund invite applications within the fields of Biological Sciences, Pure 
graduate students, with active research programs in experimental Mathematics, Biochemistry and/or Organic Chemistry & Biophysics 
and computational aspects in hard and soft materials involved in or Geophysics. 

most structural, functional, electronic, and biomedical technology. All Fellowships are to be held from 1 October 2013 or otherwise by 
negotiation. Fellowships are available for between two and three years 
and provide an opportunity for independent research, although the 
holders will usually work in close collaboration with an established 


Please submit applications including a CV, vision statement for the 
department, and list of at least five references to: Professor John 
W. Halloran, Chair Search Advisory Committee, Department of 
Materials Science and Engineering, University of Michigan, 2300 research group. 

Hayward Street, Ann Arbor, MI 48109-2136, msesearch2012@ In accordance with Dr Smith's will, candidature is limited to candidates 
umich.edu. For full consideration, applications should be received who have obtained their PhD degree, or equivalent, within the last three 
by December 15, 2012. We hope to identify successful candidates years at any university but normally excluding Cambridge and Harvard. 
for this position during winter 2013. The stipend will be on the University’s Postdoctoral Research Associate 
The University of Michigan is a non-discriminatory, affirmative-action scale, currently between £27,578 to £35,938 pa, with a research 
employer. The College is especially interested in candidates who can allowance of £13,000 in the first year and £11,000 thereafter. 
contribute, through their research, teaching, and/or service, to the Further details are available at 

diversity and excellence of the academic community. http://www.herchelsmith.cam.ac.uk/fellowships/ or from the 
Secretary to the Fund Managers, Tel. +44 (0)1223 764987, 

e-mail hsf@admin.cam.ac.uk 


Quote Reference: AK22232. Closing date: 3 December 2012. 


'™ MICHIGAN ENGINEERING 


UNIVERSITY of MICHIGAN @ COLLEGE of ENGINEERING The University values diversity and is committed to equality 
of opportunity. 


ETH 


Eidgendssische Technische Hochschule Ziirich 
Swiss Federal Institute of Technology Zurich 


Assistant Professor (Tenure Track) of Ecology of Infectious Disease 


The Department of Environmental Systems Science at ETH Zurich (www.usys.ethz.ch) invites applications for the above- 
mentioned position. Candidates with outstanding scientific track records in any related field will be considered, but 
preference may be given to ecologists working on interactions between the environment and disease dynamics. The 
new professor should establish a world-class research group and integrate into research activities in related fields at 
ETH Zurich. 


The successful candidate is expected to contribute to the teaching of undergraduate (German or English) and graduate 
level courses (English) for students of the Departments of Environmental Systems Science and Biology. The professor- 
ship will be equipped with a generous personnel and operational budget, but the candidate will be expected to obtain 
further funds for research through competitive grants. 


This assistant professorship has been established to promote the careers of younger scientists. The initial appointment 
is for four years with the possibility of renewal for an additional two-year period and promotion to a permanent posi- 
tion. 


Your application should include your curriculum vitae, a list of publications, and a statement of your research and teach- 
ing interests. The letter of application should be addressed to the President of ETH Zurich, Prof. Dr. Ralph Eichler. The 
closing date for applications is 31 December 2012. ETH Zurich is an equal opportunity and affirmative action employer. 
In order to increase the number of women in leading academic positions, we specifically encourage women to apply. 
ETH Zurich is further responsive to the needs of dual career couples and qualifies as a family friendly employer. Please 
apply online at www. facultyaffairs.ethz.ch. 


ETH 


Eidgenossische Technische Hochschule Zirich 
Swiss Federal Institute of Technology Zurich 


Assistant Professor of Structural Biology / Biophysics 
The Department of Biology (www.biol.ethz.ch) at ETH Zurich invites applications for above-mentioned assistant professorship. 


The successful candidate is expected to study the molecular mechanisms of biological reactions and to build an innovative and 
internationally competitive research program within the Institute of Molecular Biology and Biophysics (www.mol.biol.ethz.ch), 
which provides an excellent scientific environment and access to state-of-the-art equipment. The search is not limited to a spe- 
cific research field or technology, but we are specifically encouraging candidates with expertise in methods complementary to 
those already used at the Institute, e.g. single particle cryo-electron microscopy or single molecule spectroscopy. For electron 
microscopy, transmission electron microscopes (including a FEI Tecnai G2 F20 cryo and a Titan Krios) are available within the 
Electron Microscopy Center of ETH Zurich. The new professor will be expected to teach undergraduate level courses (German 
or English) and graduate level courses (English) for students of the Department of Biology, and to actively contribute to an 
interactive, scientific environment at ETH Zurich. 


This assistant professorship has been established to promote the careers of younger scientists. The initial appointment is for 
four years with the possibility of renewal for an additional two-year period. 


Your application should include your curriculum vitae, a list of publications, the names of at least three referees, and a short 
overview of your research interests. The letter of application should be addressed to the President of ETH Zurich, Prof. Dr. 
Ralph Eichler. The closing date for applications is 31 December 2012. ETH Zurich is an equal opportunity and affirmative action 
employer. In order to increase the number of women in leading academic positions, we specifically encourage women to apply. 
ETH Zurich is further responsive to the needs of dual career couples and qualifies as a family friendly employer. 


Please apply online at www.facultyaffairs.ethz.ch. 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers MVAAA + U = A 


Department of Health and Human Services 
National Institutes of Health 
National Cancer Institute 
Bethesda, Maryland 
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TENURE-ELIGIBLE/TENURE-TRACK PRINCIPAL INVESTIGATORS 


The Laboratory of Genome Integrity (LGI), Center for Cancer Research (CCR), National Cancer Institute (NCI), is accepting applications 
to fill Principal Investigator positions at the Tenure-Track or Tenured levels. The laboratory focuses on understanding the pathways that 
maintain genomic integrity, the intersection of these pathways with normal cellular physiology and cancer, as well as the application of 
these insights to translational research. The LGI is led by Dr. Andre Nussenzweig and is located on the campus of the NIH in Bethesda, 
MD. To learn more about the laboratory, please visit the LGI’s website: http://cer.cancer.gov/staff/staff.asp? Name=nussenzweig. 


We are seeking candidates whose research programs address basic biological problems and who have demonstrated excellence, originality, 
and productivity in research in the areas of biochemistry, and cellular and molecular biology. We are especially interested in applicants 
using innovative approaches to solve key questions in the areas of aging, DNA repair, chromosome and/or genome function. 


Candidates must have a Ph.D., or M.D. degree or equivalent doctoral degree in a relevant field with post-doctoral experience and a proven 
ability to conduct innovative research. The incumbent will receive research support for developing a state-of-the-art laboratory that includes 
sufficient space, equipment, and supply budget in order to sustain a research program. Salary is commensurate with research experience 
and accomplishments. 


Interested applicants should submit a cover letter, curriculum vitae including a list of publications, a brief statement of research accom- 
plishments and future plans, and request three letters of recommendation to be sent electronically to christy.worch@nih.gov. Review of 
applications will begin on or about by January 15, 2013. 


Applications will be accepted until the position is filled. This position is not restricted to U.S. citizens only. 
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DHHS and NIH are Equal Opportunity Employers 


The Florida State University 


Strategic Faculty Recruitment in Materials for Energy Production, Conversion, Storage and Utilization 


The President and the Provost of the Florida State University are pleased to announce a major interdisciplinary initiative in the area of Energy and Materials 
with an initial focus on materials for energy production, conversion, storage and utilization. To launch this strategic effort as many as eight tenure-track/tenured 
faculty positions will be filled. This faculty search is open with respect to rank and academic department. Successful candidates are expected to have a synergistic 
impact on existing research programs in the University’s departments and interdisciplinary centers as well as develop new areas. Sustained pursuit and growth 
of collaborative, externally-funded research programs is an explicit goal. 


Strengths at the Florida State University include energy-related materials programs in Chemistry, Physics, and Scientific Computing in the College of Arts and 
Sciences, and in Mechanical, Industrial & Manufacturing, Electrical & Computer, and Chemical & Biomedical Engineering in the College of Engineering. 
Complementing these programs are interactive centers including the National High Magnetic Field Laboratory, the Applied Superconductivity Center, the High 
Performance Materials Institute, the Aero-Propulsion, Mechatronics and Energy Center, and the Center for Advanced Power Systems. Linking these colleges 
and centers is a new Ph.D. program in Materials Science and Engineering. Robust, department-based doctoral programs in materials and related areas are also 
present at the University. 


The Florida State University is classified as a very high research activity, doctorate-granting institution with a student population approaching 41,000. Last year the 
University granted over 400 doctoral degrees and had more than $220M in research expenditures. In recent years, the University has made considerable investments 
in research infrastructure in the sciences and engineering disciplines. The University is located in Tallahassee, the Capital of Florida, where residents have access 
to a broad range of cultural amenities afforded by the presence of three institutions of higher learning. The region is relatively undeveloped with close proximity 
to the Apalachicola National Forest, an abundance of springs, lakes and rivers as well as pristine beaches and the adjacent waters of the Gulf of Mexico. 


We invite nominations for and applications from researchers active in broadly-defined areas of materials for energy production, conversion, storage and utilization 
including theory, computation, synthesis, fundamental materials characterization, devices and testing and proof of concept and prototype. Successful candidates 
will be offered highly competitive salaries and start-up packages, state-of-the-art research space and access to world-class instrumentation, computing and facili- 
ties in academic and interdisciplinary units. 


Applicants are asked to provide in .pdf format a letter of application, a full curriculum vitae, the names and contact information of three professional references 
and a two page narrative describing their research interests that should include a clear statement as to how the candidate would complement this inter-college 
effort at Florida State University. Full applications must be sent electronically to materials.search@fsu.edu. Nominations should be sent to the same address. 
Review of applications and nominations will begin on December 1, 2012. Additional information about the materials programs at FSU and this faculty search 
can be obtained at http://www.research.fsu.edu/materials_search/. 


The Florida State University is committed to the diversity of its faculty, staff, and students, and to sustaining a work and learning environment that is inclusive. 
Women, minorities, and people with disabilities are encouraged to apply. FSU is an Equal Opportunity/Access/Affirmative Action Employer. 
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Read inspiring profiles of women 
making a difference in biology. 


WW West Virginia University 


School of Dentistry 


The West Virginia University (WVU) School of Dentistry seeks applications for a tenure track faculty position at the Assistant/Associate Professor level 
in the area of Dental Materials Science. 


As part of the Robert C. Byrd Health Sciences Center, the West Virginia University School of Dentistry is investing significant resources to advance our 
basic and translational research capacity. The School of Dentistry’s five-year strategic plan includes the development of new clinical, basic, and transla- 
tional research capabilities to augment the teaching mission. The successful applicant will have approximately 80% of the time protected for research. 
Additionally, the successful candidate will be expected to participate actively in teaching and clinical patient care (10% in each area). The candidate will 
have a DDS/DMD or equivalent degree, and research experience, potential or a proven track record for developing a vibrant research program supported 
by external grants, and demonstrated success in teaching and clinical practice. Candidates with a PhD degree are encouraged to apply, but an MS degree 
will be considered for highly qualified candidates. He/she must also show demonstrated abilities in working with people of diverse backgrounds, teaching, 
and leadership. The applicant must be eligible for a West Virginia dental license or teaching permit - information regarding licensure in the state of West 
Virginia can be found at http://www.wvdentalboard.org. 


The West Virginia University School of Dentistry is located in the historic community of Morgantown, West Virginia, approximately 80 miles south of Pitts- 
burgh, PA and is easily accessible to major metropolitan areas in the East and Midwest. The School of Dentistry is one of 14 colleges in a major land-grant 
research University and is part of a comprehensive Health Sciences Center which includes the Schools of Medicine, Nursing, Pharmacy, and Dentistry, the 
Mary Babb Randolph Cancer Center, and West Virginia University Hospitals. WVU has initiated establishment of a new School of Public Health. Currently, 
the WVU School of Medicine’s accredited public health programs have enrolled over 100 MPH students and more than 20 PhD students. Additionally, plans 
are underway to develop a DDS/MPH degree, as well as several other combined degrees, including a DDS/PhD. The Health Sciences Center campus is home 
to the Blanchette Rockefeller Neuroscience Institute and a state-of-the art Library/Learning Resource Center. In addition, opportunities for interdisciplinary 
research exist with faculty from the Benjamin M. Statler College of Engineering and Mineral Resources. 


Review of applications will begin immediately and will continue until the position is filled by the qualified candidate. Salary and academic rank will be 
commensurate with qualifications and experience. Applicants should send a letter of interest, research statement, and curriculum vitae with the names, 
addresses, and phone numbers of three references to: Peter Ngan, DMD, Chair, Search Committee, West Virginia University School of Dentistry, PO 
Box 9448, Morgantown, WV 26506-9448 or email to pngan@hsc.wvu.edu. 


West Virginia University is an Affirmative Action/Equal Opportunity Employer. It is also the recipient of an NSF ADVANCE award for gender equality. 
WVU Health Sciences Center is a smoke free campus. 


For more information on the School of Dentistry and Health Sciences Center see http://www.hsc.wvu.edu/sod/ or http://www.hsc.wvu.edu. 


GY West Virginia University 


School of Dentistry 


The West Virginia University School of Dentistry seeks applications for a tenure track faculty position at the Assistant/Associate Professor level in the area 
of Inflammation/ Pathology/Periodontics. 


As part of the Robert C. Byrd Health Sciences Center, the West Virginia University School of Dentistry is investing significant resources to advance our 
basic and translational research capacity. The School of Dentistry’s five-year strategic plan includes the development of new clinical, basic, and translational 
research capabilities to augment the teaching mission. The successful applicant will have approximately 80% of the time protected for research. Addition- 
ally, clinical patient care and teaching will be expected. The successful applicant will have a DDS/DMD or equivalent degree, and research experience 
(candidates with a PhD degree are encouraged to apply, although strong applicants with a MS degree will be considered), potential for external grant funding, 
and demonstrated success in teaching and clinical practice. He/she must also show demonstrated abilities in working with people of diverse backgrounds, 
teaching, and leadership. The applicant will be eligible for a West Virginia dental license or teaching permit — information regarding licensure in West 
Virginia can be found at http://www.wvdentalboard.org. 


The West Virginia University School of Dentistry is located in the historic community of Morgantown, West Virginia, approximately 80 miles south of Pitts- 
burgh, PA and is easily accessible to major metropolitan areas in the East and Midwest. The School of Dentistry is one of 14 colleges in a major land-grant 
research University and is part of a comprehensive Health Sciences Center which includes the Schools of Medicine, Nursing, Pharmacy, and Dentistry, the 
Mary Babb Randolph Cancer Center, and West Virginia University Hospitals. WVU has initiated establishment of a new School of Public Health. Currently, 
the WVU School of Medicine’s accredited public health programs have enrolled over 100 MPH students and more than 20 PhD students. Additionally, 
plans are underway to develop a DDS/MPH degree, as well as several other combined degrees, including a DDS/PhD. The Health Sciences Center campus 
is home to the Blanchette Rockefeller Neuroscience Institute and a state-of-the art Library/Learning Resource Center. 


Review of applications will begin immediately and will continue until the position is filled by the qualified candidate. Salary and academic rank will be 
commensurate with qualifications and experience. Applicants should send a letter of interest, research statement, and curriculum vitae with the names, 
addresses, and phone numbers of three references to: Peter Ngan, DMD, Chair, Search Committee, West Virginia University School of Dentistry, PO 
Box 9448, Morgantown, WV 26506-9448 or email to pngan@hsc.wvu.edu. 


West Virginia University is an Affirmative Action/Equal Opportunity Employer. It is also the recipient of an NSF ADVANCE award for gender equality. 
WVU Health Sciences Center is a smoke free campus. 


For more information on the School of Dentistry and Health Sciences Center see http://www.hsc.wvu.edu/sod/ or http://www.hsc.wvu.edu. 
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POSITIONS OPEN 


SENIOR PROFESSOR in 
Materials Engineering, Physics, or Chemistry 
University of California, Irvine- 


The Henry Samueli School of Engineering and 
the School of Physical Sciences at the University of 
California, Irvine (UCI) announces an endowed chair 
faculty search at the senior level in the field of exper- 
imental materials science. We are seeking a distinguished 
scientist and educator who directs a field-leading re- 
search program in materials engineering, physics, or 
chemistry in which transmission electron microscopy 
plays an integral roll. In addition, this individual will 
lead the build-out of our campus-wide materials char- 
acterization infrastructure, including the establishment 
of a state-of-the-art facility for transmission electron 
microscopy. A record of teaching excellence at the un- 
dergraduate and graduate levels is required. The suc- 
cessful candidate will occupy either the Henry Samueli 
Endowed Chair in the Henry Samueli School of En- 
gineering or the Donald Bren Chair in the School 
Physical Sciences. 

Founded in 1965, the University of California, 
Irvine is at the forefront of education and research in 
the science and engineering disciplines that will shape 
the future of the nation and the world. In 2012, U.S. 
News & World Report ranked UCI 45th among na- 
tional universities and 13th among public universities 
in the U.S. Graduate programs that were ranked in 
that report included: organic chemistry (11), informa- 
tion systems (11), physical chemistry (12), theoretical 
chemistry (18), experimental psychology (19), chem- 
istry (26), aerospace engineering (29), computer sci- 
ence (29), physics (29), mechanical engineering (30), 
civil engineering (31), yeaa sciences (32), envi- 
ronmental Paap (34), biomedical engineering 
(40), engineering (41), medicine (41), materials sci- 
ence engineering (45), mathematics (47), and elec- 
trical engineering (49). NRC rankings, based upon 
2006 data, place Chemistry, Earth System Science, 

Mathematics, and Physics & Astronomy in the top 
quartile nationally. An analysis by Times Higher Edu- 
cation, released in May 2012, ranked UCI first in the 
U.S. and fourth in the world among the 100 best 
universities less than 50 years old. The “100 Under 
50” list aims to show institutions poised to become 
future world leaders. 

Applications should contain a cover letter and a 
complete curriculum vita including publication list, a 
list of references, and summary of research funding. 
Completed applications should be sent electronically, 
via website: https://recruit.ap.uci.edu. To ensure full 
consideration, applications and supporting materials 
should be received by January 1, 2013. The University of 
California, Irvine is an Equal Opportunity/Affirmative Action 
Employer committed to excellence through diversity. UC Irvine 
has an active ADVANCE Gender Equity Program. 


MULTIPLE FACULTY POSITIONS 


The University of Washington (UW) School of 
Public Health is recruiting multiple full-time faculty 
positions at the ASSISTANT, ASSOCIATE, and 
PROFESSOR level as identified in our Strategic Plan. 
Applicants must have a doctoral degree in a relevant 
field. Application review begins November 19, 2012 
and will continue until filled. For complete advertise- 
ment, visit website: http://sph.washington.edu/ 
fachires/. University of Washington faculty engage in 
teaching, research, and service. 

The UW is an Affirmative Action/Equal Opportunity Em- 
ployer. Women and minority candidates are strongly encouraged 
to apply. 


ASSISTANT PROFESSOR of 
Biology (with expertise in anatomy) 


The Biology Department at Coe College seeks ap- 
plications for a full-time tenure-track position beginning 
fall 2013. A Ph.D. in the biological sciences, with re- 
search and/or teaching expertise in anatomy is required. 
For position details and application process, visit website: 
http://www.coe.edu/aboutcoe/employment. 
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POSITIONS OPEN 


UMBC 


af SORES SHIT 


CHAIR 
Department of Chemistry and Biochemistry 
University of Maryland, Baltimore County 


Applications from outstanding scientists are in- 


if MATLAB 


vited for the position of Chair of the Department of 


Chemistry and Biochemistry at University of Maryland, 
Baltimore County (UMBC). The Department offers 
graduate and undergraduate degrees in both chemistry 
and biochemistry with a highly cross-disciplinary and 
interactive group of faculty and lecturers. Cutting-edge 
research is carried out by postdoctoral fellows, Ph.D., 

M.S., and undergraduate students working in excellent 
laboratory facilities in a recently renovated building. The 
University is strategically situated on a suburban campus 
in the intellectually and culturally vibrant Baltimore- 
Washington corridor, which enhances the dynamic 
educational and research opportunities afforded by 
its diversity, intermediate size, and world-class infra- 
structure. The Chair will be expected to provide vigor- 
ous leadership toward expanding the department’s 


current research profile and directing the next stage of 


departmental growth. Applications are invited from 
internationally recognized scholars in any area who 
have a commitment to superior research and innova- 
tive teaching at both the graduate and undergraduate 
levels. Applicants should submit a letter of applica- 
tion, curriculum vitae, and the names of three persons 
who can be contacted for supporting letters to: Chair, 
Faculty Search Committee, Department of Chem- 
istry and Biochemistry, University of Maryland, 
Baltimore County, 1000 Hilltop Circle, Baltimore, 
MD 21250. Electronic submissions can be made to 
e-mail: chemsearch@umbc.edu. Applications will 
enter the review process as soon as they are received 
and consideration of applications will continue until the 
position is filled. UMBC is an Equal Opportunity /Affirmative 
Action Employer; and applications from women, minorities, and 
individuals with disabilities are especially encouraged. 


LECTURER IN BIOLOGY 


The Department of Biology at University of North 
Carolina at Charlotte invites applications for a non- 
tenure track, nine-month, full-time position, as Lecturer 
in Biology, beginning August 15, 2013. Required qual- 
ifications include: Master’s degree in an area of the 
Biological Sciences; expertise in the field and labora- 
tory techniques needed for development and revision 
of laboratory exercises; knowledge of laboratory safety 
procedures; and the ability to supervise graduate teach- 
ing assistants. Desired qualifications include a Ph.D. in 
an area of the Biological Sciences and previous expe- 
rience working with graduate teaching assistants. The 
position includes responsibilities for teaching lecture 
and laboratory introductory coursesfor Biology majors 
and contributing to Ecology instruction. The Depart- 
ment and College strongly support and value diversity 
among their students and faculty. 

Candidates must apply online at website: http:// 
jobs.uncc.edu, position number: 6280. Please pro- 
vide a complete curriculum vitae, statement of teach- 
ing philosophy including teaching in an ethnically 
diverse environment, and contact information for three 
references. Screening of applicants will begin on De- 
cember 1, 2012 and continue until the position is filled. 

For more information, please contact Dr. Inna 
Sokolova (e-mail: isokolov@uncc.edu), Lecturer 
Search Committee Chair, and/or the Biology De- 
partment website: http://biology.uncc.edu. 

The University of North Carolina at Charlotte is an Equal 
Opportunity Employer/Affirmative Action Employer and an 
ADVANCE Institution that strives to create an academic climate 
in which the dignity of all individuals is respected and maintained. 
Therefore, we celebrate diversity that includes, but is not limited 
to ability/disability, age, culture, ethnicity, gender, language, race, 
religion, sexual orientation, and socio-economic status. 


POSITIONS OPEN 


INTERDISCIPLINARY POSTDOCTORAL 
TRAINING in 
Physiological, Pathological, and Cellular/ 
Biochemical Aspects of Hemorrhagic Shock 


A postdoctoral position is available immediately in the 
Departments of Emergency Medicine and Biochem- 
istry and Molecular Biology in conjunction with the 
Virginia Commonwealth University Reanimation En- 
gineering Science Center (VCURES; website: http:// 
www.vcu.edu/vcures/index.html) at the Virginia 
Commonwealth University (VCU) School of Med- 
icine. VCURES is an internationally recognized center 
of excellence devoted to the study of critical illness and 
injury. The current position is funded for three years 
by a grant from the Department of the Army to study 
the role of AMP-dependent protein kinase in cellular 
metabolic homeostasis during hemorrhagic shock and 
resuscitation. Outstanding candidates with an M.D., 
D.V.M., or a Ph.D. in physiology, biochemistry, cell 
and molecular biology, pharmacology, or a related dis- 
cipline will be considered. Special consideration will 
be given to individuals who have some background 
either in cell and molecular biology or in whole animal 
physiology. This training offers the unique opportunity 
for individuals who have been trained in molecular 
biology to broaden their base to learn whole animal 
physiology/pathophysiology and preclinical transla- 
tional research, and for individuals trained in whole 
animal biology to learn biochemical and molecular tech- 
niques. Salary is determined by NIH postdoctoral fel- 
lowship stipend levels, and health insurance is included. 

Please send curriculum vitae, a statement of research 
interests and the names/contact information of three 
references to R. Wayne Barbee, Ph.D., Professor of 
Emergency Medicine, at e-mail: rwharbee@veu. edu, 
or Paul H. Ratz, Ph.D., Professor of Biochemistry and 
Molecular Biology, at e-mail: phratz@vcu.edu. 

VCU is an Equal Opportunity /Affirmative Action Institution 
and does not discriminate on the basis of race, color, national origin, 
age, gender, religion, sexual orientation, political affiliation, veterans’ 
status, or disability. 


TENURE-TRACK POSITION 
Department of Biological Sciences 
Texas Tech University 


The Department of Biological Sciences at Texas Tech 
University (ITU) invites applications for a tenure-track 
ASSISTANT PROFESSOR position, beginning Sep- 
tember | for the 2013-2014 academic year. We seek 
an outstanding individual within the broad area of 
Microbiology/Immunology with an emphasis on host- 
pathogen interactions. The successful candidate will 
complement existing strengths in Cell and Molecular 
Bioogy within the Department. Candidates must have 
a Ph.D. and or M.D., a proven track record of postdoc- 
toral accomplishment in appropriate fields, and dem- 
onstrate their ability or strong potential to secure 
competitive extramural funding. Successful candi- 
dates are expected to develop/maintain and expand an 
innovative extramurally funded research program, con- 
tribute to both graduate and undergraduate education 
and provide services to the department and the Uni- 
versity as necessary. The Department and TTU have 
resources including flow cytometry/cell sorting, imag- 
ing, proteomics/structural, and biology/genomics fa- 
cilities available on campus. The position includes a 
competitive salary and startup package. All candidates 
must submit their application through website: http:// 
jobs.texastech.edu/postings/49501, position T93553. 
The online application should include a cover letter 
and curriculum vitae, in addition please combine into a 
single PDF a summary of past research and teaching 
experience, statements of research interests and teach- 
ing philosophy, and copies of two recent publications 
as well as the names and contact information for three 
professional references. Review of applications will 
begin November 15 and continue until filled. 

Texas Tech University is conunitted to enhancing the diversity 
of its faculty and staff and encourages applications from women, 
minorities, people with disabilities and veterans. TTU is an Equal 
Employment Opportunity /Affirmative Action Employer. 
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Ga COLUMBIA UNIVERSITY 
IN THE CITY OF NEW YORK 


The 2013 Louisa Gross Horwitz Prize for Biology or Biochemistry 


The Louisa Gross Horwitz Prize was established under the will of the late S. Gross Horwitz through a bequest to Columbia University and is 
named to honor the donor’s mother. Louisa Gross Horwitz was the daughter of Dr. Samuel David Gross (1805-1889), a prominent surgeon of 
Philadelphia and author of the outstanding Systems of Surgery who served as President of the American Medical Association. 


Each year since its inception in 1967, the Louisa Gross Horwitz Prize has been awarded by Columbia University for outstanding basic 
research in the fields of biology or biochemistry. The purpose of this award is to honor a scientific investigator or group of investigators whose 
contributions to knowledge in either of these fields are deemed worthy of special recognition. 


The Prize consists of an honorarium and a citation which are awarded at a special presentation event. Unless otherwise recommended by the 
Prize Committee, the Prize is awarded annually. Dr. Richard Losick, Harvard University, Cambridge, MA, Dr. Joe Lutkenhaus, University of 
Kansas Medical Center, Lawrence, KA and Dr. Lucy Shapiro, Stanford University School of Medicine, Stanford, CT were the 2012 awardees. 


QUALIFICATIONS FOR THE AWARD 


The Prize Committee recognizes no geographical limitations. The Prize may be awarded to an individual or a group. When the Prize is awarded 
to a group, the honorarium will be divided among the recipients, but each member will receive a citation. Preference will be given to work 
done in the recent past. 


Nominations must be submitted electronically at: http://www.cumc.columbia.edu/research/horwitz-prize 
All communications and materials must be written in the English language. 


Re-nomination(s) are by invitation only. 
Nominations should include: 
1) Asummary, preferably less than 500 words, of the research on which this nomination is based. 
2) Asummary, preferably less than 500 words, of the significance of this research in the fields of biology or biochemistry. 
3) A brief biographical sketch of the nominee, including positions held and awards received by the nominee. 
4) A listing of up to ten of the nominee’s most significant publications relating to the research noted under item 1. 
5) Acopy of the nominee’s curriculum vitae. 


Deadline date: January 31, 2013 


[Science] Careers | «| ¥ Dan David Prize 


Call for Nominations & 
Scholarships | 2013 


There’s only one The Dan David Prize is an international enterprise which 


annually awards three prizes of US$ 1M each in fields chosen 
within the three time dimensions to individuals with proven, 
exceptional excellence and contribution to humanity in the 


To read more about ; sciences, arts, humanities, public service and business 


4 wre 
Galileo, scan the code — , ' Ten percent of the prize is donated by the laureates as scholarships 
} * to outstanding young researchers, doctoral and postdoctoral 
[=] [=] f ! q students, studying topics related to the chosen fields 
Fl 7 


GALILEO GALILEI 


Selected Fields for 2013 


, Classics, The Modern Legacy 
r,co Si of the Ancient World Past Time Dimension 


Ideas, Public Intellectuals 
and Contemporary Philosophers —_ Present Time Dimension 


Preventive Medicine Future Time Dimension 


Prize Nominations deadline: November 30th, 2012 
Scholarship Applications deadline: March 15th, 2013 


& 


www.dandavidprize.org | LALA! Une 


online @sciencecareers.org 


DN 
te 
o 
= 
fe 
So) 
g 
= 
“ 
9 
7) 


POSITIONS OPEN 


ASSISTANT/ASSOCIATE/ 

FULL PROFESSOR 
(Computational Biology- 
Microbiology /Metagenomics/Tenure-track) 
Department of Biological Sciences 
Louisiana State University 


The Department of Biological Sciences at Louisiana 
State University (LSU) invites applications for a tenure- 
track Microbiologist position at the level of Assistant 
Professor or above. Required Qualifications: Ph.D. in 
Biological Sciences, Microbiology, or related discipline; 
record of productive research. Additional Qualifica- 
tions Desired: Postdoctoral experience. The successful 
candidate will be expected to develop a strong, compet- 
itively funded research program and will complement 
the department’s existing strengths in systematics, 
ecology, and evolution. We are especially interested in 
applicants that specialize in computational biology, and 
whose research employs “omics” approaches for un- 
derstanding microbes in complex systems. Applicants 
will be expected to teach an undergraduate course in 
microbiology and a graduate course in their area of 
expertise. An offer of employment is contingent on a 
satisfactory pre-employment background check. Ap- 
plication deadline is December 21, 2012 or until a can- 
didate is selected. The anticipated start date is August 
2013. While we anticipate hiring at the Assistant Pro- 
fessor level, candidates at higher rank are also encour- 
aged to apply. Apply online and view a more detailed 
ad at website: http: //www.lsusystemcareers.lsu.edu. 
Position #020243. 

LSU is an Equal Opportunity/Equal Access Employer and 
strongly encourage applications from women and minorities. 


ASSISTANT PROFESSOR 
(Marine/Coastal/Wetland/ 

Aquatic Ecologist /Tenure-track) 
Department of Biological Sciences 
Louisiana State University 

The Department of Biological Sciences at Louisiana 
State University (LSU) invites applications for a tenure- 
rack Ecologist position at the level of Assistant Pro- 
fessor. Required Qualifications: Ph.D. in Biological 
Sciences or related field; successful track record of pro- 
ductive research. Additional Qualifications Desired: Post- 
doctoral experience. The successful candidate is expected 
to develop a strong, competitively funded research pro- 
gram, and develop courses in their area of interest. We 
seek an outstanding ecologist working in either fresh- 
water, marine, coastal or wetland systems. Research in- 
terests may be at any level. Candidates should complement 
existing research strengths in the Systematics, Ecology, 
and Evolution division of the Department of Biolog- 
ical Sciences at LSU. An offer of employment is con- 
tingent on a satisfactory pre-employment background 
check. Application deadline is December 7, 2012 or 
until a candidate is selected. The anticipated start date 
is August 2013. Apply online and view a more detailed 
ad at website: http: //www.|susystemcareers.lsu.edu. 
Position #021646. 

LSU is an Equal Opportunity/Equal Access Employer and 
strongly encourage applications from women and minorities. 


FACULTY POSITIONS - MEDICAL SCHOOL 


The Saint James School of Medicine, an internation- 
al medical school (website: http://www.sjsm.org), 
invites applications from candidates with teaching 
and/or research experience in any of the basic medical 
sciences for its Caribbean campuses. Faculty positions 
are currently available in Anatomy, Physiology, Pathol- 
ogy, Microbiology, and Pharmacology. Applicants must 
be M.D., D.O., and/or Ph.D.. 

Teaching experience in the U.S. system is desirable 
but not required. Retired persons are encouraged to 
apply. Attractive salary and benefits. Submit curriculum 
vitae electronically to e-mail: mjansen@mail.sjsm.org 
or mail to: HRDS Inc., 1480 Renaissance Drive. Suite 
300, Park Ridge, IL 60068. 


Download 
your free copy 
today. 


ScienceCareers.org/booklets 
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From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 
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my name Is HeLa 
but you may also know me as Hep-2, or even as KB 


Learn how to avoid cell misidentification, visit www.atcc.org/trustedsource 


ATCC performs a combination of test methods, including Human STR analysis, 


x COI testing, Mycoplasma testing, Human viral testing, and Sterility testing, on 
A | ( ( all cell lines to ensure the highest quality and authenticity. 


Your trusted source since 1925 


©2012 American Type Culture Collection. ATC registered trademark and ATCC logo is a trademark of the American Type Culture Collection. ATCC products are intended for 
laboratory research only. They are not intended for use in humans, animals, or d 


Rethink Western blotting. 


Take protein detection 
to new dimensions. 


Biology isn't flat—neither are your Westerns. 

Meet the fast, versatile SNAP i.d.© 2.0 system, to fully exploit 
three-dimensional reagent distribution. Unlike conventional 
Western blotting, where diffusion is the primary means of reagent 
transport, the SNAP i.d.© 2.0 system applies a vacuum to actively 
drive antibodies and buffers right through the membrane. 


This advanced technology promotes antigen binding and 
thorough washing, enabling you to better optimize your 
Western blotting conditions. 


www.emdmillipore.com/SNAP 


EMD Millipore is a division of Merck KGaA, Darmstadt, Germany 


EMD Millipore and the M mark are trademarks of Merck KGaA, Darmstadt, Germany. SNAP id. is a registered trademark of Merck KGaA, Darmstadt, Germany. 
© 2012 EMD Millipore Corporation, Billerica, MA USA. All rights reserved. 


EMD MILLIPORE 


hy vo NEW ENGLAND 


“BioLabs... 


enabling technologies in the life sciences 


ogether. 


New DNA Ligases and Ligase Master Mixes 


New England Biolabs offers the most extensive selection of 
high-quality and performance-optimized DNA ligases and 
ligase master mixes to streamline your cloning experiments. 


Our expanded portfolio now includes: 


¢ Blunt/TA Ligase Master Mix, optimized for blunt-end 
and single-base overhang substrates 


¢ Instant Sticky-end Ligase Master Mix, uniquely formulated 
for the rapid ligation of sticky-end substrates 


* T7 DNA Ligase, specific for sticky ends 
¢ ElectroLigase,” directly compatible with electroporation 


Stick together with DNA Ligases and Ligase Master Mixes 
from NEB. 


= 
i=] 
o 


BB T/A ligation 
Blunt ligation 


) 


(as compared to Blunt/TA Ligase Master Mix) 
a bx | 
Oo oa 


nN 
a 


oe 
> 
rs) 
= 
10) 
& 
P= 
© 
|= 
2 
os 
E 
& 
7 
Ss 
o 
E 


Company Company Company NEB 
A B Cc Blunt/TA Ligase 
Master Mix 


ELECTROLIGASE™ is a trademark of New England Biolabs. 


Antibodies and Related Reagents for Signal Transduction Research 


S 
Juckar MCFt 319 Jduclar MCFEA 31D 
a : =| Jurkat 
3s ira} muntreate 
3 8 3 a 3 8 ¢ zy | see 
eee Se Be ca 
Sh EetS fs 3 23 | 
Se Oe eee ee y 
§ 2 $+ 3 e& 3 + $ oe * 1 
200... 
tO — | : , 
com pe : Phospho-Akt (Serd73) C2012 + insulin 
a o- -e© @ ee@e@e@e <— AK 
so : | Bee 
- Jurkat 
40 ; AKT AD 
a soe | I 
so | ke 
' T40w0 #464 | 
: Awt a es BAe bss 
Frosphe - Akt (See 473) Akt (pan) human melanoma €2C12 + insulin 


#a07. gel, 15 second exposure 

Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb #4060 (upper) 
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The Highest Quality 


Akt Antibodies 


are from Cell Signaling Technology 


Over 45 thoroughly validated 2: CST™ phospho and total protein Akt antibodies 


Akt Antibodies available offer unsurpassed specificity, sensitivity, 
and performance. 


Cell Signaling Technology offers the widest :: Extensive in-house validation in a wide range 
of applications means that optimization is not left 
up to you, the user. 
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range of phospho and total protein Akt 
antibodies. These reagents are the most 


thoroughly validated, widely used, and highly :: Technical support is provided by scientists 
: ‘ 5 : who produce the products and know them best. 
cited Akt antibodies available. 


Unparalleled product quality, validation, and technical support 


for quality products you can trust... . . 
ial Cell Signaling 


www.cellsignal.com 
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The moment your data change 
scientific minds. 
This is the moment we work for. 


//RECOGNITION 


MADE BY CARL ZEISS 
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Pel Visit Carl Zeiss Microscopy at the Annual Meeting of the American Society 


tase for Cell Biology 2012 in San Francisco. You will get a glimpse of Lightsheet Z.1, VA MAKNN 
OF the unique light sheet microscope, capable of obtaining brilliant time lapse * a. 
images of whole developing embryos. | 


www.zeiss.com/lightsheet We make it visible. 


Lead the way 


® 
on epigenetics abcam 


Let our EpiSeeker 
kits guide you 
through 


The EpiSeeker range of kits for epigenetics is all you need to 
get the best results in no time. From histone modification 
quantification to methylated DNA ChIP kits, you have the right 
tool at your hands. 


e Simple and reliable assays 
¢ Ready to go - All essential components present in the kit 
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measuremen 


to the time a 
(0.5 — 2.0 uL 


In science there are always essential steps in any workflow. Accurate 


ts of DNA, RNA and protein samples are critical for confidence in 


QPCR, sequencing, microarrays or bioproduction, but there’s a better alternative 


nd complexity of conventional methods. Using minimal sample 
, Thermo Scientific NanoDrop instruments make concentration 


and purity an 


alysis So incredibly easy, and so much faster, you won't notice 


this step on 


the way to your ultimate discovery. 


NanoDrop™ Lite 
Basic microvolume 
measurements 


simplify 


e Realize the difference. 
Try any NanoDrop instrument for FREE. 


ry 
a 


NanoDrop™ 2000C. 
Full-spectrum microvolume 
and cuvette measurements 


www.thermoscientific.com/nanodrop 


in a single instrument 


NanoDrop™ 2000 
Full-spectrum microvolume 
measurements 


NanoDrop 8000 
Higher throughput, full-spectrum 
microvolume measurements 


NanoDrop 3300 
Full-spectrum microvolume 
fluorescence measurements 


membercentral.aaas.org 
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polysyllabic words 
e eo. 
reexamining 
Ardipithecus ramidus. 
One more data point on why you should spend 
more time at membercentral.aaas.org. There 
you can enjoy members-only downloads, videos, 
webinars, blogs, discounts, and other content geared 


for people who aren’t afraid of footnotes. 
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Microfluidic Electrophoresis Assays 
for Rapid Characterization of Protein 


in Research and Development 


Wednesday, November 14, 2012 


12 noon ET, 9 a.m. PT, 4 p.m. UK, 5 p.m. CET 


Therapeutic proteins are large complex molecules that are often heterogeneous 
in molecular structures. The control and characterization of biotherapeutic protein 
quality throughout the development process has been a major focus of the biotech- 
nology industry. Studies to test the effect of cell culture conditions on posttransla- 
tional modifications or to monitor the purification process of the proteins produces 
a large number of samples that can easily exceed the capacity of modern analytical 
laboratories. High throughput analytical platforms with high precision, automa- 
tion, and ease-of-use are therefore in great demand. Microfluidic-based assays for 
screening protein product quality are finding wide use because they address the 
limitations of SDS-PAGE as well as other separation assays that depend on conven- 
tional capillary electrophoresis. These assays leverage microfluidic technology to 
reduce analysis times dramatically compared with conventional techniques, to a 
minute or less per sample. In this presentation we will discuss the use of microfluid- 
ic-CE platforms for characterization assays such as purity assessment of monoclo- 
nal antibodies under reducing and nonreducing conditions, N-glycan profiling, and 
determination of protein charge heterogeneity. 


During the webinar, the viewers will: 


e Learn about the pros and cons of using microfluidics for high throughput 
protein analysis 


e Obtain expert advice on setting up and validating microfluidics-based assays 
¢ Compare results obtained using microfluidics assays to conventional methods 


e Have their questions answered live during the broadcast! 


Webinar sponsored by 
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PerkinElmer 
For the Better 
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PARTICIPANTS: 


Joey Studts, Ph.D. 

Boehringer Ingelheim Pharma GmbH 
& Co. KG 

Biberach, Germany 


Tim Blanc, Ph.D. 
ImClone Systems 
Branchburg, NJ 


Bahram Fathollahi, Ph.D. 
PerkinElmer 
San Francisco, CA 


REGISTER NOW! 


webinar.sciencemag.org 


Brought to you by the 
Science/AAAS Custom 
Publishing Office 


Personal Flow Cytometry from BD Biosciences 
BD Pharmingen™ reagents and BD Accuri™ C6 


Best-in-class meets 
best time to buy. 


-_ 27 


Now you can speed discovery with the power of 
multiparameter cell analysis using the best-in- 
class BD Accuri™ C6 personal flow cytometer. 
Never before have the power and insight of 


personal flow cytometry been more within reach. 


Today, you can take advantage of an 
unprecedented value package including 10% 
savings on the BD Accuri C6 and 40% savings on 
the high quality BD reagents you'll use with it for 
a full two years. 


With this package, you get 4-color cell analysis 
in an affordable, transportable, and easy-to-use 


Some limitations apply. Vist bdbiosciences.com/go/accuri for more information. 


BD flow cytometers are Class 1 Laser Products. For Research Use Only. Not for use in diagnostic or therapeutic procedures. 


BD, BD Logo and all other trademarks are property of Becton, Dickinson and Company. © 2012 BD 


23-14402-00 


Helping all people 
live healthy lives 


format that serves both novice and experienced 
researchers well, right from the benchtop. 


The software's intuitive interface guides you 
through workflows, making it easy to begin 
collecting and analyzing data—even if you 
have little flow cytometry know-how. Setup 
and maintenance are also simplified to increase 
availability and up-time. 

Take advantage of this value package today 

at bdbiosciences.com/go/accuri. 


Flow cytometry within reach.™ 


BD Biosciences 
2350 Qume Drive 
San Jose, CA 95131 
bdbiosciences.com 
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Reagent Proteins ts the source 


With over 5,000 recombinant proteins available, 
Reagent Proteins provides seamless access to the 
highest quality reagent, pre-clinical and cGMP grade 
proteins for research purposes. 


§ Reagent Proteins 


A DIVISION OF Pfénex Inc. 


phone 858 - 352 - 4400 reagentproteins.com fax 858 - 352 - 4602 
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Announcing our new partnership with NASA Federal Credit Union 
Dear Member: 


AAAS is committed to offering you member benefits that fit your needs and make your membership 
more valuable. 


With that in mind AAAS is embarking on a new partnership with NASA Federal Credit Union that will 
provide you with access to a wide range of financial tools and products. Like AAAS, NASA Federal Credit 
Union is dedicated to serving the scientific community. This shared perspective is just one of the many 
reasons that we are embarking on this partnership. 


As you may know, we have recently ended our banking relationship with Bank of America, but we're 
confident that our new partnership with NASA FCU will provide you with a superior banking experience. 
NASA FCU offers members better ways to save and smarter ways to borrow with friendly, professional 
service — along with anytime, anywhere account access. 


Moreover, unlike other financial institutions that have public stockholders, NASA FCU is a not-for-profit 
financial cooperative where being a member means being an owner, too. And as a member/owner, 
you will enjoy unique benefits like: better loan rates, higher dividends and state-of-the-art products and 
Services. 


We'll be sending you more information about this great new benefit over the coming months. In the 
meantime, be sure to visit nasafcu.com/AAASpackage to apply for the new AAAS Platinum Advantage 
Rewards or Platinum Cash Rewards credit cards. You can also take a sneak peek at the AAAS Check Card 
and Checks coming soon. 


Sincerely, 
‘ 
- 
AMY 
lan King 


Director of Marketing and Membership, AAAS 
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New Products: General Lab Equipment 


INVERTED MICROSCOPE SYSTEMS 

The new IX3 series of inverted research microscope systems are designed 
for effortless, intuitive live cell imaging, and clinical analysis. This includes 
the fully automated 1X83 for high-end research applications; the flexible 1X73, 
which can be configured in manual, semi-motorized; or motorized modes; 
and the easy-to-use IX53 with fluorescent capabilities, which is optimized for 
the routine examination of tissue samples. Built using worldwide customer 
feedback and designed to meet the needs of a wide range of users, the new 
systems offer exceptional ease-of-use and unprecedented optical flexibility 
via a new, customizable light path. New components can be easily slid into 
the light path using a series of swappable decks. This opens up many new 
avenues for exploration, allowing researchers to follow their imaginations. 
The new systems also utilize the latest Olympus innovations in frame design, 
optics, and software—providing exceptional stability, optical quality, accuracy, 


and reliability. 
Olympus 
For info: +49-40-23773-0 | www.microscopy.olympus.eu 


ELISA READER 

The Apollo 11 is a dedicated absorbance reader characterized by 
long-time proven and continuously optimized optics as well as a 
modern LED light source which has a principally endless lifetime. 
Up to six filters can be used with the instrument enabling the per- 
formance of all important applications including DNA quantification, 
protein quantification, enzyme activities, B-Galactosidase (reporter 
gene), alkaline phosphatase (ELISA), and horseradish peroxidase 
(ELISA). Besides a large dynamic range of 3.7 OD—which covers 
customary assays—the sophisticated optics and the robust mechan- 
ical design, together with the integrated auto-check function, guaran- 
tee extraordinary accuracy and precision. A very small footprint and 
the PhotoRead software showing all necessary settings and displays 
needed during operation on a single screen are additional attractive 
features of the Apollo 11. 
BertholdTechnologies 
For info: +49-70-81177-0 | www.berthold.com 

COMPACT RECIRCULATING CHILLER 

The new compact, economical recirculating chiller is designed to 
provide reliable heat removal for lasers and other precision labora- 
tory equipment. Capable of maintaining process temperatures from 
41°F to 95°F (5°C to 35°C), the Durachill 1.5 HP Chiller provides up 
to 6,328 watts of cooling at 68°F (20°C) ambient and is available 
with a built-in heater for use with equipment that must be brought up 
to elevated temperatures before operation can begin. For optimum 
operational versatility and flexibility, it comes with a wide variety of 
standard and optional features. The DuraChill 1.5 HP Chiller offers 
exceptional performance, reliability, and operational simplicity. All 
models feature a microprocessor-based controller, digital tempera- 
ture display, one-touch set point display, and digital pressure/flow- 
rate display. Plus for optimal operational and process safety, these 
rugged chillers also feature user-adjustable fluid temperature, pres- 
sure, and flow rate alarms as well as a high ambient temperature 
alarm. 

Polyscience 

For info: 800-229-7569 | www.polyscience.com 


ULTRAPURE WATER SYSTEMS 

Three new product lines extend the successful arium lab water fami- 
ly: the arium pro ultrapure water system, the arium advance pure wa- 
ter system, and the arium comfort combination system. These new 
product lines generate Type 1 to Type 3 ultrapure and pure water, 
delivering the right water quality for any laboratory application. The 
highlight of these new lines is the arium comfort series. In addition to 
providing ASTM Type 1 ultrapure water, this space-saving combina- 
tion unit also produces Type 2 and Type 3 pure water. Low quantities 
of organic contaminants in water are all it takes to have a negative 
impact on laboratory tests. The new arium ultrapure water systems 
deliver water quality that meets, and even exceeds, the ASTM Type 
1 Standard. Its integrated ultraviolet lamp prevents microbiological 
growth, thus reducing the total organic carbon content to a minimum. 
If a Sartopore 2 sterilizing grade filter is used on arium, ultrapure 
water is practically free of microorganisms when dispensed. 
Sartorius 

For info: +49-55-1308-0 | www.sartorius.com 


CO, INCUBATORS 

The new In-VitroCell ES (Energy Saver) line of microbiological CO, 
incubators feature seven direct heat models. In-VitroCell CO, incu- 
bators are designed with the NuTouch Intelligent Interface. NuTouch 
is a user-friendly color touchscreen offered in English, Spanish, Ger- 
man, and French. Chamber parameters are easily controlled by the 
touch of a finger. All In-VitroCell models utilize a single source dual 
wave infrared sensor to maintain accurate CO, gas levels in the 
growth chamber. The wavelengths used are absorbed by only CO,, 
making the measurement insensitive to other components such as 
water vapor. A large seven cubic foot (200 L) interior chamber is 
surrounded by heating elements on all six sides of the chamber en- 
cased by high-density R5 insulation to produce a smaller incubator 
footprint. Dual temperature sensor probes maintain precise tempera- 
ture uniformity while an individual door heater minimizes condensa- 
tion build up on the inner glass door. 

NuAire 

For info: 800-328-3352 | www.nuaire.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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AAAS, publisher of Science, thanks the sponsors and 
supporters of the 2013 Annual Meeting 


SUBARU. 


ACS 


Chemistry for Life 


AMERICAN CHEMICAL SOCIETY 


& HELMHOLTZ 


| ASSOCIATION 


EUROPEAN COMMISSION 
European Research Area 


Canada 


AAAS thanks 


* KAVLI FOUNDATION 


for its generous support of the Science Journalism Awards 


Register Today at Discounted Rates 


Registration 
Discounted advance registration rates are available until 
Monday, 21 January 2013. 


Take advantage of unlimited access to all symposia, 


seminars, topical lectures, plenary events, career workshops, 


the Exhibit Hall, and a variety of networking opportunities. 


Professional 
$295 Member/ $375 New Member/ $399 Non-Member 


Postdoc 
$235 Member/ $315 New Member/ $335 Non-Member 


K-12 Teacher 
$235 Member/ $315 New Member/ $355 Non-Member 


Emeritus 
$235 Member/ $315 New Member/ $355 Non-Member 


Student 
$60 Member/ $70 New Member/ $90 Non-Member 


After 21 January 2013, on-site rates apply. 
For more information, visit www.aaas.org/meetings 


i 


Housing 

Special room rates and travel benefits are available to 
Annual Meeting registrants. 

Sheraton Boston Hotel 

Rate: $205 single/double 

Hilton Back Bay 

Rate: $197 single/ $207 double 

Boston Marriott Copley Place 

Rate: $192 single/ $208 double 

Rooms are available on a first-come, first-served basis 
until 21 January 2013. 
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PICTURE YOURSELF ASA 
AAAS SCIENCE & TECHNOLOGY 
POM Pala 


Make a Difference. 
Help give science a greater voice in Washington, DC! 
Since 1973, AAAS Fellows have applied their skills to 
federal decision-making processes that affect people 
in the U.S. and around the world, while learning first- 
hand about the government and policymaking. 


Join the Network. 

Year-long fellowships are available in the U.S. 
Congress and federal agencies. Applicants must 
hold a PhD or equivalent doctoral-level degree in 
any behavioral/social, biological, computational/ 
mathematical, earth, medical/health, or physical 
science, or any engineering discipline. Individuals 
with a master’s degree in engineering and three 
years of professional experience also may apply. 
Federal employees are not eligible and U.S. 
citizenship is required. 


Enhancing Public Policy, 
Advancing Science Careers 


Apply. 

The application deadline for the 2013-2014 
AAAS Science & Technology Policy Fellowships 
is 5 December. Fellowships are awarded in the 
spring and begin in September. Stipends range 
from $74,000 to $97,000. 


Sabrina McCormick, PhD 


Sociology and Environmental 
Sciences, Brown University 


2009-11 S&T Policy Fellow, 
Environmental Protection 
Agency, Office of Research 


Note: Additional fellowships are available ang Development 


through approximately 30 scientific society 
partners. Individuals are encouraged to apply 
with AAAS as well as with any scientific societies 
for which they qualify. 


Now president, 
Evidence Based Media 


Full details at: fellowships.aaas.org 
Hc 
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Antibodies and Related Reagents for Signal Transduction Research 
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XP Monoclonal Antibodies, 


one antibody, multiple applications 


© 

Unparalleled product quality, validation, eXceptional specificity : 
A h . al As with all of our antibodies, the antibody is specific to your target of = 
and technic support. interest, saving you valuable time and resources. 2 
XP* monoclonal antibodies are a line of high quality +eXceptional sensitivity z 
rabbit monoclonal antibodies exclusively available from The antibody will provide a stronger signal for your target protein in 2 


cells and tissues, allowing you to monitor expression of low levels of 


Cell Signaling Technology. Any product labeled with XP sfidsaehous piotems aanngvouvalenieindllas 


has been carefully selected based on superior performance 
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in the most relevant applications. +eXceptional stability and reproducibility 
: . . P XMT technology combined with our stringent quality control ensures 

XP monoclonal antibodies are generated using XMT maximum lot-to-lot consistency and the most reproducible results. 

technology, a proprietary monoclonal method developed 

at Cell Signaling Technology. This technology provides - eXceptional Performance™ 

access to a broad range of antibody-producing B cells XMT technology coupled with our extensive antibody validation and 

unattainable with traditional monoclonal technologies, stringent quality control delivers XP monoclonal antibodies with 

; : ; eXceptional Performance in the widest range of applications. 
allowing more comprehensive screening and the 
identification of XP monoclonal antibodies. Above: Confocal IF analysis of rat testis using Miwi (092B7) XP® Rabbit mAb #6915 (red 


pseudocolor) and Vimentin (021H3) XP® Rabbit mAb (Alexa Fluor® 647 Conjugate) #9856 
(blue pseudocolor). Actin filaments were labeled with DY-554 phalloidin (green pseudocolor). 


For experimental details, additional 
information, and a complete list of available 


XP® monoclonal antibodies visit... . : 
ial Cell Signaling 


www.cellsignal.com 
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Orders (toll-free) 1-877-616-2355 | Technical support (toll-free) 1-877-678-8324 support@cellsignal.com | Inquiries info@cellsignal.com | Environmental Commitment eco.cellsignal.com 


